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Abstract 
The hyper-diverse avian family Zosteropidae (~100 species) is renowned 
for its exceptional colonising ability and rapid recent diversification. The 
genus Zosterops dominates within the family, including over 70% of all 
recognised species, and is notorious for the phenotypic uniformity that has 
traditionally made designation of taxon boundaries within the genus difficult. 
While the last decade has seen an abundance of research focusing on 
colonisation abilities and speciation patterns of insular taxa, relationships 
between continental forms, specifically mainland African taxa, remain 
subject to great uncertainty. 
This thesis focuses on uncovering the relationships, origin and 
evolutionary history of African Zosteropidae. Chapter 1 introduces the family 
Zosteropidae, reviews the current literature that is based predominantly on 
insular systems. In introducing the African Zosteropidae complex, this 
chapter highlights questions associated with this group and presents the 
aims of the thesis.  
Chapter 2 focuses in on one of the most geographically complex areas 
within the African system, to explore the relative importance of past climatic 
fluctuations as a driver of diversification in Zosterops endemic to the isolated 
montane massifs of East Africa. Results provide the first molecular 
assessment of mainland African Zosteropidae and are used to examine 
alternative models of speciation. A dated molecular phylogeny demonstrates 
that divergence within African Zosteropidae is very recent (<5Ma) coinciding 
with periods of climatic instability during the Plio-Pleistocene. Furthermore, 
the non-monophyly of mainland taxa, specifically the polyphyletic nature of 
Z. poliogaster, leads to the rejection of a widely held assumption that the 
montane endemics of East Africa are relics of a previously widespread 
population. Instead results provide evidence for evolutionary model based 
on ancestrally adaptive populations.  
Chapter 3 attempts to further investigate relationships within the East 
African Zosterops and explores the usefulness of amplified fragment length 
polymorphism (AFLPs) in revealing inter- and intra-specific relationships. 
Resolution of relationships across the AFLP phylogeny is generally poor 
which is attributed to the low information content of the AFLP matrix 
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generated. Bayesian hypothesis testing failed to provide support for various 
topological constraints tested and consequently this study was unable to 
confirm or reject the non-monophyly of East African montane endemics.     
Chapter 4 builds upon the molecular phylogeny of Chapter 2, by 
substantially increasing the taxonomic sampling of African species using 
DNA obtained from museum specimens. The use of both archive and fresh 
material enabled the largest genetic assessment of western Zosteropidae to 
date. Extensive sampling across Sub-Saharan Africa, the Indian Ocean 
region, the Arabian Peninsula and the Gulf of Guinea region reveals six 
major clades within the African Zosteropidae complex. Results confirm the 
widespread non-monophyly of mainland African species rendering current 
taxonomic arrangements invalid. GMYC (General mixed Yule-coalescent) 
analysis recovers 14 distinct evolutionary lineages within the African 
Zosteropidae system and provides a framework for further work using 
model-based species delimitation approaches.  
Finally, Chapter 5 draws together key findings from Chapters 2-4, and 
reviews how this work advances our understanding of the African 
Zosteropidae system. This chapter also highlights new gaps in our 
understanding of the western Zosteropidae and discusses several areas for 
future research. 
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1.1. Zosteropidae (white-eyes) 
 
1.1.1. General characteristics of the family Zosteropidae 
Zosteropidae are a diverse old world passerine family made up of small, 
gregarious, arboreal birds that have a broad distribution occupying tropical, 
subtropical and temperate Sub-Saharan Africa, southern and eastern Asia, 
Australasia and the tropical islands of the Indian Ocean, the western Pacific 
Ocean, and the Gulf of Guinea region (van Balen 2008) (Fig. 1.1). 
Morphological variation across the range of the family is slight, leading most 
members to be homogenous in appearance. This group exhibits remarkable 
uniformity in their structure and plumage colouration; which is generally 
greenish-olive above and pale grey below. There is a general trend for 
continental species to be more yellow/green, while insular taxa are more 
grey/brown (Fry et al. 2000).  
As their common name implies, many species have a conspicuous ring 
of tiny white feathers around the eyes. The breadth of this eye-ring varies 
between species, being highly exaggerated in some taxa and reduced or absent 
in others. Some species have a white or bright yellow throat, breast or lower 
parts, and several have buff flanks (van Balen 2008). All species are highly 
sociable and form large flocks that separate on the approach of the breeding 
season (Moreau 1957). Members of this family are highly vocal, but tend to 
have weak rather simple vocalizations that are far carrying (Fry et al. 2000). 
While mainly insectivorous, they have a generalist diet eating nectar and fruits 
of various kinds (Moreau 1957).  
 
1.1.2. Systematics  
The presence of a brush-tipped tongue has previously placed the family 
next to nectarivorous groups of Nectariniidae (sunbirds) and Meliphagidae 
(honeyeaters), although they have also been treated as a sub-family of 
Promeropidae (sugarbirds) (van Balen 2008). Molecular data has placed 
Zosteropidae in a Sylvioid lineage (Cibois 2003) and consequently they are now 
placed in the super-family Sylvioidae, between Sylviidae (old world warblers) 
and Cisticolidae (cisticolas) (van Balen 2008). More recent molecular studies 
indicate a close relationship with Timaliidae (babblers), and place Zosteropidae 
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in a clade with Yuhina and Stachyris, both of which belong to the family 
Timaliidae (Cibois 2003; Moyle et al.2009).  
Zosteropidae are highly diverse, current estimates place 98 species in 14 
genera, of which 74 species belong to the genus Zosterops. The remarkably 
homogeneous genus Zosterops occupies the entire range of the family (Fig. 
1.1) compared to other genera (Woodfordia, Rukia, Cleptornis, Apalopteron, 
Tephrozosterops, Madanga, Lophozosterops, Oculocincta, Heleia, 
Chlorocharis, Megazosterops, Speirops) that have much smaller distributions 
(van Balen 2008). Other genera are thought to be derived from ‘typical’ 
Zosterops, and have been described alongside (van Balen 2008).  
 
1.1.3. Taxonomic complexities 
The family Zosteropidae has long posed problems for traditional 
taxonomists. Recovering relationships using traditional approaches is 
notoriously difficult, particularly at the species level where the abundance of 
morphologically similar forms has complicated efforts to identify natural 
groupings. Despite extensive analyses by Moreau (1957) for western 
Zosteropidae, and Mayr (1965) and Mees (1961; 1969; 1953) for eastern 
Zosteropidae, the affinities of numerous taxa still remain unresolved. In some of 
the more phenotypically divergent groups, recent molecular studies have 
highlighted a large discordance between relationships obtained from 
morphological and molecular characters (Melo et al. 2011).  
Broad molecular investigations have revealed that many of the ‘aberrant 
white-eyes’, currently classified in distinct genera, nest well within the genus 
Zosterops: Speirops (Melo et al. 2011), Rukia (Slikas et al. 2000), Woodfordia 
and Chlorocharis (Moyle et al. 2009). Within the Gulf of Guinea, the genus 
Speirops is recovered as non-monophyletic, with each ‘aberrant’ species being 
more closely related to ‘typical’ Zosterops than they are to each other (Melo et 
al. 2011). These molecular insights are bringing into question the utility of 
morphological characters in Zosteropidae (van Balen 2008), with results 
suggesting that phenotypic characters are evolving in a non-neutral fashion. 
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While molecular studies are starting to tease apart relationships, to date 
much of the work has been focused on a few oceanic island systems (Slikas et 
al. 2000; Warren et al. 2006; Phillimore et al. 2008; Moyle et al. 2009; Melo et 
al. 2011) with little investigation into continental relationships (Oatley et al. 
2012). Much of the current taxonomy therefore (particular in the genus 
Zosterops) is based solely on morphology and ecology, which in some cases is 
supported by facts regarding the general behaviour and vocalisations of 
individual populations (van Balen 2008). 
 
1.1.4. Colonisation abilities  
A renowned feature of the family Zosteropidae is its ability to colonise 
islands and then speciate there (Slikas et al. 2000; Warren et al. 2006; 
Phillimore et al. 2008; Moyle et al. 2009; Melo et al. 2011). Within the family, the 
genus Zosterops appears to have among the highest dispersal capabilities of 
birds, with an exceptionally wide distribution owing to its high colonising 
potential (Moyle et al. 2009). Levels of diversity and endemism peak in the 
Australian and Oriental regions, where oceanic island concentrations are 
highest (Dickinson 2003; van Balen 2008). With 46% of the worlds Zosteropidae 
being single-island endemics, it is unsurprising that this highly speciose family 
has stimulated interest into the relative contribution of long distance immigration 
and local in-situ speciation to the diversity of island systems (Warren et al. 
2006). 
Investigation into the origin and diversification of Indian Ocean Zosterops 
(Warren et al. 2006) has revealed that much of the regions diversity is a result 
of long-distance immigration, rather than regional in-situ processes. This is 
particularly evident for two sympatric species occurring on the islands of 
Mauritius and La Réunion (Mascarenes). The non-monophyletic placement of 
taxa is consistent with double island colonisation rather than with-in island 
speciation. This relationship is also observed in the Grande Comore and 
Granitic Seychelles which are, or have previously been, occupied by two 
species that are recovered in different clades supporting a multiple colonisation 
model (Warren et al. 2006).  
23	  
	  
The predominance of long-distance dispersal as a primary driver of 
diversity within the family has also been documented in Melanesia (Mayr and 
Diamond 2001; Phillimore et al. 2008). The molecular phylogeny of Phillimore et 
al. (2008) revealed at least two independent colonisations of the Vanuatu 
archipelago and reports long periods of isolation between island populations 
that is consistent with very little gene flow between islands. In many island 
systems there is a general lack of geographical overlap between closely related 
species. In the majority of cases, molecular investigation has shown that 
speciation of insular taxa is a consequence of geographical isolation (van Balen 
2008). While there are several examples where two (or more rarely three) 
species co-occur on the same island, the co-existence of taxa has repeatedly 
been attributed to multiple colonisations from mainland areas (Warren et al. 
2006; Phillimore et al. 2008). In cases where islands are occupied by multiple 
taxa, species are generally distantly related and occupy different elevation 
and/or habitat distributions (Warren et al. 2006; Phillimore et al. 2008). 
 
1.1.5. Evidence of an adaptive radiation 
Although adaptive radiations of oceanic island birds have played a 
central role in the development of speciation theory (e.g. Darwin’s finches: 
Grant and Grant 2008, Hawaiian Honeycreepers: Pratt 2005; Learner et al. 
2011), adaptive radiations in birds are in fact rare events (Ricklefs and 
Bermingham 2007; Price 2008). However, recent molecular work investigating 
the relationships and colonisation sequence of Gulf of Guinea Zosteropidae 
(Melo et al. 2011) has identified two radiations whose tempo and patterns of 
morphological divergence are strongly supportive of an adaptive radiation 
rivalling those of Darwin’s finches and the Hawaiian honeycreepers. Species 
occupying the Gulf of Guinea region currently fall into two genera (‘typical’ 
Zosterops and ‘aberrant’ Speirops) and exhibit a breadth of phenotypic diversity 
that is unmatched across the family worldwide (Moreau 1957).  
The build-up of phenotypically differentiated island endemics in the Gulf 
of Guinea region were, for some time, attributed to multiple independent 
colonisations from mainland Africa. Contradicting previous hypotheses (Jones 
and Tye 2006: and references therein), the molecular phylogeny of Melo et al. 
(2011) places the Gulf of Guinea white-eyes in just two radiations. Furthermore, 
the two phenotypic groups (‘typical’ Zosterops and ‘aberrant’ Speirops) were not 
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recovered as independent clades, rejecting previous predictions that the two 
phenotypic groupings are derived from separate colonisation events (Melo et al. 
2011). In contrast to many island archipelagos, species diversity within the Gulf 
of Guinea regions fits the archipelago radiation model rather than multiple 
colonisation models. In this system, rapid phenotypic divergence is consistent 
with the model of asymmetric divergence owing to resource competition in 
sympatry (Melo et al. 2011). Investigation into two other congeneric species 
(Vanuatu archipelago) found much lower levels of diversification with no 
evidence of an adaptive radiation (Clegg and Phillimore 2010). In assessing the 
relative role of gene flow between allopatric populations, Clegg and Phillimore 
(2010) found no evidence that inter-island gene flow constrains phenotypic 
divergence. This may lead to greater emphasis on the role of ecological 
divergence and diversifying selection pressures, rather than geographic context, 
in driving population divergence within Zosteropidae.  
 
1.1.6. Zosteropidae: an example of a ‘Great Speciator’ 
The recent molecular work of Moyle et al. (2009) characterises the family 
Zosteropidae as a ‘Great Speciator’. Divergence time estimates revealed that 
the majority of divergence events within Zosteropidae have occurred within the 
last 2 million years, yielding diversification rate estimates of 1.93-2.63 species 
per million years (Moyle et al. 2009). This exceptionally high diversification rate 
is supported by a previous analysis of an Indian Ocean-centred phylogeny that 
recovered a substitution rate estimate of 4.66% per million years (Warren et al. 
2006). This is significantly faster than the 2% substitution rate that was found 
across many bird groups over longer timescales (Weir and Schluter 2008).  
Like other groups that exhibit high degrees of differentiation across broad 
spatial scales, the species-rich family Zosteropidae presents a paradox: while 
the exceptional colonisation abilities of Zosteropidae may generate more 
geographical opportunities for speciation, in theory they should limit 
differentiation by reducing the impact of barriers to gene flow (Moyle et al. 
2009). Given the high dispersal capabilities demonstrated within Zosteropidae, 
dispersal events between islands may occur relatively frequently, particular 
during early periods of divergence. Warren et al. (2006) suggests that in the 
absence of niche partitioning, invasibility of resident communities (the ability to 
out-compete small colonising populations) has probably played a pivotal role in 
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divergence between insular taxa, with competition between congeneric species 
limiting gene flow between islands.  
In contrast, the propensity for long-distance emigration within the family, 
and the large number of single-island endemic species, may suggest a rapid 
loss of dispersal capabilities following the establishment of island populations 
(Moyle et al. 2009; Melo et al. 2011). Given the morphological conservatism 
demonstrated across the range of the family, Moyle et al. (2009) suggests that 
rapid evolutionary shifts in dispersal ability, rather than ecological explanations, 
were important for the high speciation rates demonstrated by this family. The 
paradox presented by Zosteropidae, and other groups that exhibit high degrees 
of differentiation across broad spatial scales, highlights the need for further 
investigation into factors that influence genetic and phenotypic differentiation in 
highly vagile groups. 
 
1.1.7. Patterns of genetic and phenotypic divergence 
At the population level, considerable interest has been paid to the 
colonisation history of island populations, particularly the colonisation dynamics 
and evolutionary processes associated with founding populations (Estoup and 
Clegg 2003; Clegg et al. 2008; Clegg and Phillimore 2010). Bayesian analysis 
of the colonisation dynamics of Zosterops lateralis lateralis has indicated that a 
large number of effective founders were involved in establishing the south New 
Zealand, north New Zealand and Chatham Island populations (Estoup and 
Clegg 2003). In the context of Warren et al. (2006) previous hypothesis, the 
absence of small founding populations within this system may provide support 
for the idea that comparatively larger populations out-competed smaller 
populations during early stages of divergence. Furthermore, contrary to Moyle 
et al. (2009) predictions, a recent investigation into the population genetic 
structure of island populations within the Vanuatu archipelago provided no 
evidence for a rapid shift in dispersal ability. Instead, populations demonstrated 
complex gene flow dynamics consistent with high degrees of asymmetrical 
migration between island populations that persisted long after colonisation 
(Clegg and Phillimore 2010).  
While geographical isolation does not seem to be supported as the 
primary driver of lineage divergence, the relative contribution of intra-specific 
competition and ecological divergence remains unclear. Under a scenario of 
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strong divergent selection pressures, substantial phenotypic divergence is 
expected (Clegg and Phillimore 2010). While phenotype is remarkably 
homogenous across the range of the family, divergent phenotypes have been 
demonstrated in numerous insular taxa (Clegg et al. 2002; Frentiu et al. 2007; 
Clegg et al. 2008; Melo et al. 2011), with insular taxa often found to be 
substantially larger than their mainland counterparts (Frentiu et al. 2007). 
Furthermore, investigation into recently founded populations has highlighted the 
potential for rapid differentiation in newly formed insular populations (Clegg et 
al. 2008; Melo et al. 2011). In Zosterops lateralis chlorocephalus, Clegg et al. 
(2008) found a substantial increase in body size that was estimated to have 
occurred in fewer than 500 generations after colonisation, consistent with strong 
directional selection in the early stages of divergence. 
Shifts in morphology are not shown to be associated with ecological 
niche expansion (Scott et al. 2003) nor do they coincide with time or degree of 
genetic isolation (Clegg and Phillimore 2010). Instead, adaptive divergence or 
strong directional selection towards new or novel environments has been 
highlighted as an important factor in explaining phenotypic divergence within 
Zosteropidae (Clegg et al. 2008). The ‘Dominance hypothesis’ has also been 
suggested as a mechanism for the evolution of large size island Zosteropidae 
(Robinson-Wolrath and Owens 2003). Yet in the absences of empirical data 
comparing intra-specific competition within oceanic island and mainland areas, 
relationships between size, dominance and intra-specific competition are 
unclear (Robinson-Wolrath and Owens 2003).  
 
1.1.8. Continental systems 
Given that each of the five most species-rich avian families is primarily 
continental (Fringillidae -993 spp; Corvidae -647 spp; Sylviidae -552 spp, 
Tyrannidae -537 spp; Muscicapidae -449 spp:	  Sibley 1990), it could be argued 
that islands are not among the most important engines of global diversity which 
should be reflected in research effort. While the last decade has seen an 
accumulation of studies addressing the relationships, colonisation ability and 
evolutionary dynamics of insular Zosteropidae (Slikas et al. 2000; Clegg et al. 
2002; Warren et al. 2006; Phillimore et al. 2008; Clegg et al. 2008; Moyle et al. 
2009; Clegg and Phillimore 2010; Milá et al. 2010; Melo et al. 2011), genetic 
relationships and patterns of phenotypic divergence between mainland taxa 
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have been largely ignored (but see Oatley et al. 2012). The African 
Zosteropidae system illustrates the trends and complexities of both continental 
and island species. Molecular studies have highlighted that the evolutionary 
history of Zosteropidae inhabiting the island systems on either side of Africa are 
closely linked to that of mainland taxa (Warren et al. 2006; Melo et al. 2011). 
However, limited taxonomic sampling for mainland areas has hindered 
extensive molecular investigation.  
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1.2. Aims of this thesis 
1.2.1. Investigating evolutionary patterns and processes in continental 
island systems (Chapter 2 and 3)  
Within Africa the most complex geographical setting exists in East Africa, 
which encompasses several widely scattered but bio-geographically similar 
mountain ranges that belong to the eastern Afromontane region. The tops of 
these montane fragments are covered in cool, moist cloud forest, which is 
surrounded in the lowlands by dry semi-desert or acacia scrub creating an 
archipelago-like setting (Moreau 1957). This region has globally significant 
levels of biological diversity and endemism that has led to it being recognised 
as a world biodiversity hotspot (Mittermeier et al. 1999; Myer et al. 2000). 
However, the mechanisms driving the build-up of diversity within this region 
remain poorly understood. 
Within East Africa the ranges of three Zosterops species come into 
contact, where geographically fragmented montane populations are surrounded 
by lowland taxa. In some cases, geographical ranges are shown to overlap but 
ecological ranges remain separate with no evidence of interbreeding (Moreau 
1957). These populations provide an excellent system to test temporal, 
geographic and habitat driven hypotheses of speciation in the eastern 
Afromontane region. Supporting the montane speciation model (Fjeldså and 
Lovett 1997; Roy et al. 1997), the taxonomic treatment of these montane 
populations (subspecies of a wider species complex) suggests that they are 
relics of a previously widespread population (Fry et al. 2000). However, in the 
absence of a species-level molecular phylogeny, alternative models are yet to 
be explored.	  
This thesis aims to identify patterns and processes that are driving 
diversification within the eastern Afromontane biodiversity hotspot by 
addressing the relationships and evolutionary history of East Africa Zosterops. 
Specifically Chapter 2 will address the following questions:  
• Are lowland forest taxa ‘ancient’ relative to montane taxa?  
• What is the relative role of past climatic fluctuations in the 
divergence of montane endemics? 
• Have stable montane areas promoted the differentiation of 
populations leading to aggregates of restricted endemic taxa? 
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Chapter 3 aims to obtain a nuclear assessment of genetic relationships within 
East African Zosterops to answer the following question:  
• Is there concordance between mitochondrial and nuclear 
assessments of relationships between East African 
Zosterops? 
• Do the montane endemics of East Africa represent a single 
radiation of montane forms or do they represent convergent 
evolution of a montane phenotype?  
 
1.2.2. Systematics review of African Zosteropidae (Chapter 4) 
Africa and its associated island systems (Gulf of Guinea and Indian 
Ocean) encompass 14 described Zosterops species and four Speirops species 
(Dickinson 2003). More than half the African species are offshore endemics with 
only five species restricted to mainland Africa (Dickinson 2003). While recent 
molecular studies have given considerable insight into the relationships of 
insular taxa, the systematics of mainland African forms has received 
considerably less attention (Moreau 1957; Clancey 1967; Oatley et al.2012). By 
generating a robust molecular phylogeny this thesis aims to uncover 
relationships within the African Zosteropidae system to evaluate if there is 
concordance between genetics and the morphological characters previously 
used to delineate species within mainland Africa. Specifically Chapter 4 will 
address the following questions: 
• Do East African montane endemics represent independent 
taxonomic units? 
• What is the relationship between the restricted highland 
populations of Mt Cameroon and those of East Africa? 
• What are the genetic affinities of yellow-bellied races that have 
a wide distribution across much of sub-Saharan Africa? 
• Do the grey-bellied forms of northeast Africa and southern 
Africa represent a wider species complex? 
• Are the two belly races (yellow and white) that are restricted to 
the lowlands of east Africa a single species?  
• Does the width of the eye-ring or markings on the forepart of 
the head show any taxonomic affinities? 
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diversification of East African 
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2.1. Abstract  
Background: The eastern Afromontane region encompasses several 
widely scattered, but bio-geographically similar mountain ranges in eastern 
Africa and the Arabian Peninsula. This region has globally significant levels of 
biological diversity and endemism that have led to it being recognised as a 
world biodiversity hotspot. However, the mechanisms driving the build-up of 
diversity within this region remain poorly understood. Zosterops poliogaster 
(Montane white-eye) is a montane forest specialist and occurs throughout these 
regions of East Africa where individual subspecies are endemic to isolated ‘sky 
Islands’ (montane forest fragments). Endemic montane populations are 
ecologically segregated from neighbouring species (Z. senegalensis and Z 
abyssinicus) providing an excellent system to test temporal, geographic and 
habitat driven hypotheses of speciation in the eastern Afromontane region. 
Methods: This study provides the first strongly supported phylogenetic 
assessment of mainland African Zosterops. Novel sequence data for the 
mitochondrial NADH dehydrogenase subunit III (ND3) and cytochrome b (Cyt b) 
genes (1471 bp) were generated for eleven described Zosterops species from 
African mainland and associated islands. These sequences were analysed 
implementing both Bayesian inference and maximum likelihood methods. 
Sequence data for the nuclear transforming growth factor-beta 2 gene (TGFß2) 
were also generated, but provided no informative sites for phylogenetic 
analysis. Divergence estimates were inferred using an island calibration and 
compared to results generated based on the avian molecular clock. 
Results: Phylogenetic analyses reveal significant non-monophyly of 
mainland African Zosterops species, specifically Z. poliogaster and Z. 
senegalensis. Furthermore, the results reveal that many endemic montane 
populations are more closely related to taxa with divergent habitat types, 
elevation distributions and dispersal abilities than they are to populations of 
restricted endemics that occur in neighbouring montane forest fragments. 
Divergence estimates indicate that African Zosterops diverged very recently 
(<5Ma). Mean age estimates for the divergence of montane populations (Z. 
poliogaster) coincide with a period of precessional-forced climatic variability 
during the Plio-Pleistocene.  
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Discussion: This work rejects the montane speciation model, indicating 
that the endemic montane populations of Z. poliogaster are not relics of a 
previously widespread population. Instead results reveal that ancestral lineages 
were in fact adaptive, with niche divergence leading to aggregates of taxa with 
divergent habitat types, elevation distributions and dispersal abilities. The non-
monophyly of mainland African Zosterops suggests that traditional 
morphological characters used to delineate species within Zosteropidae are not 
informative in an evolutionary context, with results indicating that the current 
taxonomic framework greatly underestimates Zosterops diversity within 
mainland Africa. 
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2.2. Introduction 
2.2.1. Eastern Afromontane biodiversity hotspot 
Understanding the historical processes that drive the divergence of 
contemporary fauna is a major aim of biogeography and is critical in 
understanding current species distribution patterns (Moritz et al. 2000; Wiens 
and Donoghue 2004). In spite of this, historical patterns of species-level 
diversity in some of the world’s most diverse regions remains poorly 
understood. The eastern Afromontane system has been listed as a world 
biodiversity hotspot region and harbours globally significant levels of diversity 
and endemism (Mittermeier et al. 1999; Myers et al. 2000).  
Unlike other montane systems, such as the Himalayas or the Andes, 
highland areas within the eastern Afromontane region are to a considerable 
extent geographically isolated. This isolation means that it is potentially easier 
to disentangle in situ speciation events from colonisation events than in other 
montane systems that exhibit higher degrees of connectivity. Despite being a 
useful system to examine spatio-temporal relationships, phylogenetic studies 
are limited to groups with poor dispersal abilities that often only occur within a 
small area of the eastern Afromontane region (Matthee et al. 2004; Blackburn 
and Measey 2009; Shepard and Burbrink 2009; Voje et al. 2009; Lawson 2010; 
Measey and Tolley 2011). Consequently, the high levels of diversity and 
endemism seen in more vagile groups that occur throughout the eastern 
Afromontane region remain poorly understood.  
Despite the remarkable taxonomic diversity of African birds there is little 
consensus on how geological and climatic history has affected patterns of 
species diversity in Africa (Jetz et al. 2004; Fjeldså and Lovett 2007; Fjeldså 
and Bowie 2008). Previous work suggests that avian species richness within 
Africa is geographically clustered, whereby species diversity is highest in 
montane areas (Jetz et al. 2004; Fjeldså and Lovett 2007; Fjeldså and Bowie 
2008; Linder et al. 2012). Recent studies investigating spatial variation in 
species richness and endemism in the Afrotropics (Jetz et al. 2004) and the 
Neotropics (Rahbek et al. 2007; Thomas et al. 2008) have demonstrated that 
current climate alone fails to explain the extraordinary diversity seen in tropical 
montane regions. Instead, these studies suggest that current models 
underestimate the importance of historical factors such as past climate and 
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small-scale niche-driven assembly processes in shaping contemporary species-
richness patterns (Jetz et al. 2004; Rahbek et al. 2007; Thomas et al. 2008). 
 
2.2.2. Plio-Pleistocene African climate  
The Late Cenozoic African climate can be characterised by short 
alternating periods of extreme wetness and aridity that are superimposed on a 
long-term drying trend (deMenocal 1995; Trauth et al. 2007). Starting in the 
mid-Pliocene, African palaeo-climatic records indicate a vegetation shift from 
closed canopy to open savannah vegetation that has been ascribed to an 
increase in aridity and a decrease in temperature towards the present. Prior to 
2.7Ma, wet phases appear every 400kyr coinciding with maxima in the 
components of the Earth’s eccentricity cycle. However, after 2.7Ma wet phases 
appear every 800kyr and are correlated with significant global climatic 
transitions as well as peaks in orbital eccentricity (deMenocal 1995; Trauth et al. 
2007). Compression of the Inter-Tropical Convergence Zone (ITCZ), as a result 
of an increase in the pole-equator thermal gradient associated with these global 
climatic transitions, is thought to have increased the sensitivity of Africa to the 
effects of precessional forcing, leading to extreme climatic variability (Trauth et 
al. 2007). 
It has been widely postulated that these climatic fluctuations would have 
had a profound effect on the vegetation of Africa (deMenocal 1995; Plana 2004; 
Trauth et al. 2007), causing widespread shifts in Afro-tropical forests and 
leading to the intermittent fragmentation of the main rainforest biome (and 
associated fauna) into isolated refugia. This climatic instability is thought to 
have played an integral role in the evolutionary history of African avifauna 
(Moreau 1957; Mayr and O’Hara 1986; Fjeldså and Lovett 1997; Roy 1997; 
Fjeldså and Bowie 2008; Voelker et al. 2010). Yet outside the paradigm of the 
‘Pleistocene Refuge Hypothesis’ (Crowe and Crowe 1982; Mayr and O’Hara 
1986; Diamond and Hamilton 2009), few phylogenetic studies have sought to 
explain how historical climate has affected patterns of species-level diversity. 
 
 
2.2.3. Current hypotheses of diversification 
The ‘Pleistocene refuge hypothesis’ (Crowe and Crowe 1982; Mayr and 
O’Hara 1986; Diamond and Hamilton 2009) proposes that the repeated isolation 
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of populations during periods of climatic instability played a primary role in the 
mechanisms responsible for the current species richness of Africa’s tropical 
rainforest. However, it has been argued that divergence of many lowland 
species predates the Plio-Pleistocene and on this basis the model has received 
significant criticism for its use in explaining lowland forest diversity (Fjeldså and 
Lovett 1997; Roy 1997; Roy et al. 2001; Fjeldså and Bowie 2008; Voelker et al. 
2010). Nevertheless, its application to montane forest systems (The montane 
speciation model) has been widely accepted, and it has been used to explain 
the high levels of endemism seen in the avifauna of the montane tropics 
(Fjeldså and Lovett 1997; Roy 1997; Fjeldså and Bowie 2008; Measey and 
Tolley 2011 Voelker et al. 2010). 
Tropical montane regions contain a heterogeneous topography, and 
vegetation associated with different elevations can vary in its susceptibility to 
climate change (Fig. 2.1.A). During periods of climatic variability many tropical 
montane regions remained stable despite global eco-climatic changes. These 
montane forest habitats or ‘sky islands’, separated by intervening lowland 
areas, may have served as historical refugia where previously widespread 
populations became geographically isolated as they tracked suitable habitat to 
higher elevations in response to climate change (Fjeldså and Lovett 1997; Roy 
1997; Fjeldså and Bowie 2008; Voelker et al. 2010; Measey and Tolley 2011). 
The temporal and spatial variation found in montane regions may have provided 
the conditions necessary to promote rapid divergence between non-continuous 
populations that persisted in forested montane areas during the cool and arid 
climatic episodes of the Plio-Pleistocene (Fig. 2.1.B). 
An alternative mechanism of climatic zonation, whereby new species 
originate as populations adapted to different climatic regimes along an 
altitudinal gradient, has been documented in several tropical systems (Moritz et 
al. 2000; Ogden and Thorpe 2002; Hall 2005; Kozak and Wiens 2007). The low 
seasonality seen in East Africa, compared to other more temperate regions, 
means habitats at different elevational zones would experience reduced overlap 
in their climatic regimes. The narrowing of climatic profiles between different 
altitudes produces strong climatic and ecological gradients, which in turn selects 
for organisms with narrow ecological and climatic tolerances (Moritz et al. 2000; 
Kozak and Wiens 2007). This results in divergent selection across strong 
environmental gradients. The ‘gradient speciation model’ (Fig. 2.1.C) may have 
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played an integral role in the diversification of African avifauna, yet its possible 
contribution to the high species diversity seen in the montane tropics has been 
largely ignored. 
While the same geographic pattern of species abundance can be 
explained by both gradient and refuge mechanisms (Moritz et al. 2000), these 
models predict contrasting roles for natural selection. Refuge models 
(Pleistocene refuge hypothesis and the montane speciation model) are founded 
on niche conservatism; the inability of populations to adapt to new or changing 
environmental conditions plays the primary role in geographical isolation, with 
ecologically similar populations diverging in allopatry (Moritz et al. 2000; Wiens 
and Donoghue 2004; Kozak and Wiens 2007; Wiens et al. 2010). In contrast, 
under the gradient model the ability to adapt to new or changing environmental 
conditions drives climatic niche divergence (thus population divergence), with 
differing climatic distributions and/or climatic tolerances limiting gene flow 
between populations in either allopatry or parapatry (Moritz et al. 2000; Ogden 
and Thorpe 2002; Hall 2005; Kozak and Wiens 2007). 
A noteworthy variation of these two models is the vanishing refuge model 
(Fig. 2.1.D) (Vanzolini and Williams 1981). This model proposes that some 
populations differentiate to species through directional selection towards a 
tolerance of less favourable habitats as refuges become too small to retain 
viable populations. Like the gradient model, the vanishing refuge model is 
based on niche divergence, yet the latter model requires severe population 
bottlenecks with subsequent range expansion (Vanzolini and Williams 1981; 
Moritz et al. 2000). 
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Figure 2.1 Hypotheses of different mechanisms that promote speciation in the montane 
tropics.  
A: Forest cover: Tropical montane regions contain a heterogeneous topography and 
vegetation associated with different elevations can vary in its susceptibility to climate change. 
An increase in aridity and a decrease in temperature causes a vegetation shift from closed 
canopy to open savannah vegetation in lowland areas, resulting in the contraction of forest 
habitat to higher elevations.  
B: Montane speciation model: Climate change causes forest habitat to contract to high 
elevation refugia that are separated by dry forest and savannah. The fragmentation of forest 
habitats causes the isolation of forest specialists promoting speciation in allopatry. This model 
predicts that sister taxa should have restricted distributions occurring in adjacent montane 
refugia.  
C: Gradient speciation model: Climate change results in a narrowing of climatic profiles 
between different altitudes. The resulting environmental gradient promotes divergent selection 
between geographically adjacent but distinct habitats. This model predicts that sister taxa occur 
in adjacent but distinct habitats that have elevationally non-overlapping geographical 
distributions.  
D: Vanishing refuge model: Climate change causes forest habitat contraction and the 
narrowing of climatic profiles along an altitudinal gradient. Refugia that become too small to 
retain viable populations promote directional selection towards a tolerance of less favourable 
habitats (dry forest and savannah). This model predicts that sister taxa should differ in their 
climatic tolerances.  
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2.2.4. Study system- East African Zosterops 
African white-eyes (Zosterops) are an excellent group to test temporal, 
geographic and habitat driven hypotheses of speciation in the montane regions 
of East Africa. Zosterops have a wide distribution, occurring across much of 
Sub-Saharan Africa and occupy a broad range of habitats and elevations 
(Moreau 1957). According to currently accepted taxonomy (Dickinson 2003; van 
Balen 2008), there are three Zosterops species that occur within East Africa; Z. 
poliogaster (Montane white-eye) is restricted to montane forest habitats and is 
ecologically segregated from neighbouring species: Z. senegalensis (Yellow 
white-eye) or Z. abyssinicus (White-breasted white-eye) (van Balen 2008). 
Supporting the montane speciation model (Fjeldså and Lovett 1997; Roy 1997), 
the taxonomic treatment of these montane populations (subspecies of a wider 
species complex) suggests that they are relics of a previously widespread 
population (Fry 2000). However, without a species-level molecular phylogeny, 
alternative mechanisms of climatic zonation within this group are yet to be 
explored. 
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2.3. Aims 
Using mitochondrial DNA (mtDNA) and nuclear DNA (ncDNA) data the 
primary aim of this work is to generate a robust molecular phylogeny for East 
African Zosterops that would enable the assessment of species validity. By 
combining the resulting molecular phylogeny with information on species 
distribution, climatic history and divergence time estimates, this study examines 
whether the evolutionary history of East African Zosterops fits predictions of the 
montane speciation model. Previous avian studies that have investigated the 
montane speciation model predict that: i) lowland forest taxa should be ‘ancient’ 
relative to montane taxa; ii) montane speciation events should coincide with 
periods of climatic instability during the Pleistocene; and iii) stable montane 
areas will have promoted the differentiation of populations leading to 
aggregates of restricted endemic taxa (Fjeldså Lovett 1997, Roy et al. 2001; 
Fjeldså and Bowie 2008). By testing alternative models of speciation, this study 
attempts to identify whether diversification leading to the current distribution of 
restricted montane endemics is the result of the niche conservatism (montane 
speciation model) or niche divergence (gradient speciation model and/or 
vanishing refuge model). 
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2.4. Materials and methods 
2.4.1. Taxonomic sampling  
A total of 135 individuals representing 11 described Zosterops species 
(Dickinson 2003) from across continental Africa and associated islands are 
included in this study (Appendix I). Within East Africa, 51 Z. poliogaster 
(Montane white-eye) tissue samples were collected from five isolated montane 
forests, giving an exceptional coverage of the restricted distributions of the four 
subspecies: Z. p. silvanus (Taita Hills and Mt Kasigau); Z. p. mbuluensis 
(Chyulu Hills and Ol Doinyo Orok); Z. p. kulalensis (Mt Kulal); and Z. p. 
kikuyuensis (Central Kenyan Highlands) (Fig. 2.2). Additional sequences for Z. 
p. winifredae (1 individual) were obtained from the National Centre for 
Biotechnology Information (NCBI) database, which enabled the phylogenetic 
assessment of six of the eight recognised Z. poliogaster subspecies (Dickinson 
2003). It was not possible to obtain samples for three subspecies of Z. 
poliogaster, represented by the two Ethiopian subspecies, Z. p. poliogaster and 
Z. p. kaffensis, and the Tanzanian subspecies, Z. p. eurycricotus. 
To check the possible affinities between Z. poliogaster and Z. 
senegalensis (Yellow white-eye) populations occurring at higher elevations (2 
subspecies; 29 samples), four high elevation populations of the race Z. s. 
jacksoni (Kenya) and three populations of the race Z. s. stierlingi (Tanzania) 
were included. Within Kenya an additional 21 samples of Z. abyssinicus (White-
breasted white-eye) were collected from lowland (<1000m) scrub and riverine 
areas. These represented two (Z. a. flavilateralis and Z. a. jubaensis) of the four 
described mainland African Z. abyssinicus subspecies that are found 
throughout the lowlands of northeast Africa.  
In order to test species monophyly and biogeographic scenarios, 33 
samples were obtained from outside of East Africa. These represent: an insular 
Z. abyssinicus race from the Island of Socotra, Gulf of Aden (Z. a. socotranus); 
three subspecies of Z. pallidus from South Africa (Z. p. pallidus, Z. p. capensis, 
Z. p. virens); two Z. senegalensis subspecies from Ghana and Cameroon (Z. s. 
senegalensis, Z. s. stenocricotus); a Congolese Z. senegalensis (DRC) form 
(not identified to the sub-specific level); and, in addition, representatives for the 
principle lineages in the Gulf of Guinea and the Indian Ocean island systems.  
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Figure 2.2: Distribution of African Zosteropidae samples. A: Areas within the eastern 
Afromontane region (red). Image modified from www.conservation.org B: Distribution of 
Zosterops samples from outside the eastern Afromontane Region. Image modified from 
www.mapsof.net C: Distribution of Zosterops samples within the east Afromontane region 
indicating sampling localities. Image modified from www.vidiani.com (Kenya) and mapsof.net 
(Tanzania). 
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Sequences for an Asian species (Z. palpebrosus) and an Australian 
species (Z. lateralis) were acquired from the NCBI database, in addition to 
sequence data for Stachyris whiteheadi (Chestnut-faced babbler) whose 
suitability as an out-group has been shown in previous studies (Warren et al. 
2006; Melo et al. 2011). Voucher numbers, collection localities, and NCBI 
accession numbers are listed in Appendix I. 
 
2.4.2. Molecular markers 
A multi-marker approach was used in this study, which generated 
sequence data for both mitochondrial (mtDNA) and nuclear genes (ncDNA). 
The mitochondrial protein coding genes cytochrome b (Cyt b) and NADH 
dehydrogenase subunit III (ND3), in addition to the nuclear transforming growth 
factor-beta 2 gene (TGFß2), were selected for this study. All genes are widely 
used across avian phylogenetic studies (Prager et al. 2008; Nguembock et al. 
2009; d’Horta et al. 2011; Yeung et al. 2011) and have proved useful for 
revealing both relatively deep and shallow level relationships within the genus 
Zosterops (Warren et al. 2006; Phillimore et al. 2008; Moyle et al. 2009; Melo et 
al. 2011). 
 
2.4.3. DNA extraction  
Blood samples were taken from mist-netted specimens and stored in 
ETOH (99%) or Queen’s lysis buffer. Samples were extracted from both 
mediums using a DNeasy Blood and tissue kit (Qiagen). Manufacturer’s 
protocol was followed, with a minimum incubation period of two hours at 56ºC 
with a final elution of 200µl.  
 
2.4.4. Generation of mitochondrial and nuclear sequence data  
Amplification of the ncDNA gene TGFß2 and the mtDNA gene ND3 was 
performed using published primers (Table 2.1) (Helm-Bychowski and Cracraft 
1993; Chesser 1999; Primmer et al. 2002). In order to obtain a larger proportion 
of the Cyt b gene, the published primer H16065 was used alongside three 
newly designed primers (Table 2.1), allowing for the amplification of two 
overlapping fragments that together constituted the entire Cyt b gene (1123 bp). 
The primer-designing program Primer 3 version 0.4 was used to check primer 
melting temperature (Tm), GC content and the presence of palindromes 
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(sequence regions that may be read the same way in either direction) and 
hairpin loop structures (structures formed by the complementary binding of 
regions along a primer sequence). 
For both mitochondrial and nuclear genes, PCR amplifications were 
performed in 15µl volumes with 2µl total genomic DNA, 9.7µl ddH2O, 1.5µl 10X 
PCR buffer, 0.75µl MgCl2 (50mM), 0.15µl dNTPs (2.5mM of each), 0.45µl of 
each primer (10mM) and 0.15µl Taq DNA polymerase (5 units/µl). Thermal 
cycling conditions for all three genes are reported in Table 2.1. Purification of 
amplified PCR products was performed using a 10µl volume of Microclean (5ml 
NaCl (5M), 0.1ml of Tris-HCL (1M), 0.02ml of EDTA (0.5M), 20g of PEG8000, 
0.86ml of MgCl2 and 24.8ml ddH2O). Samples were incubated at room 
temperature for 10 minutes and then centrifuged at 4000 rpm for 1 hour to pellet 
DNA. Centrifuged products were then inverted and briefly centrifuged for 1 
minute at 1000 rpm. The DNA pellet was then re-suspended in 4µl ddH2O. 
Cycle sequencing reactions were carried out in 10µl volumes using 0.25µl 
BigDyeTM Terminator (PE Applied Biosystems), 2.075µl ABI sequencing buffer, 
0.176µl primer (10µM) 1.5µl of the purified PCR product and 7.5µl of ddH2O 
with cycle sequencing reactions following standard ABI protocols. Cycle 
sequencing products were purified using an ETOH/EDTA clean up and 
sequenced on an ABI 3730 DNA analyser (Applied Biosystems). 
	  
2.4.5. Sequence analysis  
A TGFß2 dataset (582 base pair (bp)) was generated for a subset of the 
taxa to assess phylogenetic signal (Appendix I). This gene fragment provided 
no informative sites and therefore is discounted from subsequent analyses. A 
total of 1471 bp of sequence data was obtained for all individuals from the 
mitochondrial ND3 and Cyt b genes. Chromatograms of complementary 
fragments were checked by eye before producing contigs (sequence read 
resulting from the reassembly of DNA fragments) in the program Sequencher 
version 4.8. Sequence data were then aligned in Clustal W version 1.83 using 
default settings with the resulting alignment checked by eye in the program SE-
AL version 2.0.  
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To guard against the possibility of having amplified nuclear copies of 
mitochondrial genes (numts), alignments were checked to ensure that they 
contained no gaps, insertions or deletions. Sequence data were translated into 
amino acids using the vertebrate mitochondrial translation table in MacClade 
version 4.08a and checked to ensure there were no stop codons. Variation in 
base composition for both genes was assessed using the X2 test of 
homogeneity, implemented in PAUP (Swofford 2003). Substitution saturation at 
different codon sites, specifically the third codon position, was assessed using 
an entropy-based index of substitution saturation (Xia et al. 2003) implemented 
in Dambe version 4.5.56 (Xia and Xia 2001). 
The best model of molecular evolution for each dataset was determined 
using JModeltest version 3.0 using the Akaike Information Criterion (AIC) (Table 
2.2). The GTR+G model of sequence evolution was selected in all phylogenetic 
analyses, as it was the most complex model of DNA substitution (six 
substitution rate parameters) that was available in both GARLI and MrBayes. 
This appeared justified because: i) the GTR+G model exhibited extremely 
similar log likelihood (–lnL) values when compared to the models TIM2 and 
TPM3uf that were selected for the ND3 and concatenated mtDNA datasets 
retrospectively (Table 2.2); ii) All three models of evolution are extremely similar 
with the GTR+G (six rate parameters) being slightly more complex than 
TIM2+G (four rate parameters) and TPM3uf+G (three rate parameters) (Table 
2.2). 
 
2.4.6. Phylogenetic analyses  
In order to test congruence of phylogenies recovered by different 
methods of phylogenetic inference both Maximum Likelihood (ML) and 
Bayesian Inference (BI) were implemented. In a ‘total evidence’ approach 
(Huelsenbeck et al. 1996), ML analyses (Huelsenbeck and Crandall 1997) were 
performed on both the concatenated and individual gene datasets using GARLI 
(Genetic Algorithm for Rapid Likelihood Inference, version 0.951). Six search 
replicates were run to obtain a measure of confidence for the searching 
parameters. For search replicates 1-3, ML trees were constructed with model 
substitution rates applied from JModeltest, while in search replicates 4-6, 
substitution rates were estimated. For each dataset the six search replicates 
produced very similar trees and -InL scores, with estimated rates performing 
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slightly better than fixed rates. For this reason node support for each dataset 
was ascertained with 1000 non-parametric bootstraps (BS) of the ML tree 
generated using a GTR+G model of sequence evolution and estimated 
substitution rates. ML trees were summarized using a 50% majority-rule 
consensus tree.  
BI analyses were implemented on the concatenated dataset in MrBayes 
version 3.1.2 (Huelsenbeck and Ronquist 2001). Analyses were run on the 
concatenated dataset, partitioning by gene to account for any potential variation 
between gene regions. Although results from DAMBE indicated little saturation 
of the third codon position (ISS < ISS.C, P=0.00), a second Bayesian analysis was 
run, additionally separating the first and second codon positions from the third. 
Base frequencies were estimated for both analyses and evolutionary rates were 
allowed to vary across partitions under a dirichlet prior. Starting from a random 
tree, four Metropolis-coupled Markov Chain Monte Carlo (MCMC) chains 
(temp=0.2) were run simultaneously for 2,000,000 generations, sampling every 
100 generations with a burn-in of 7500. Convergence of the MCMC runs was 
assessed graphically using TRACER version 1.4.1, with the final tree 
constructed from 12,500 post burn-in trees. Support is assessed using 
Bayesian posterior probabilities (BPP). 
 
2.4.7. Estimation of divergence times  
Divergence estimates were performed using a relaxed clock molecular 
dating method (Drummond et al. 2006), implemented in BEAST version 1.48 
(Drummond and Rambaut 2007). A likelihood ratio test implemented in PAUP* 
version 4.0b10 was used to test for clock-like evolution in the Cyt b and ND3 
datasets. Results failed to reject the null hypothesis of rate constancy, resulting 
in enforcement of the molecular clock. Since a fossil record for the Zosteropidae 
is lacking (Moyle et al. 2009), two approaches were employed to estimate 
divergence times. The first approach uses the date of origin of a volcanic island 
as a calibration for an endemic radiation. This approach has been used in 
several other studies (Fleischer et al. 1998; Warren et al. 2006; Moyle et al. 
2009; Lerner et al. 2011; Melo et al. 2011) and assumes the birds have 
diversified in situ. Under this approach the maximum age of divergence 
between closely related taxa occupying neighbouring islands is constrained to 
be the age of the youngest island, representing the earliest possible date for 
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colonisation. Following assumptions discussed in previous studies (Fleischer et 
al. 1998; Warren et al. 2003), the maximum age estimate for the volcanic origin 
of Grande Comore at 0.5Ma (Nougier et al. 1986) is used to calibrate the node 
separating the lowland Grande Comore white-eye (Z. maderaspatanus kirki) 
from other taxa in the maderaspatanus clade (Warren et al. 2006). 
The second approach uses the average pair-wise substitution rate of 
2.1% for the Cyt b gene. Weir and Schluter (2008) generated this rate from 74 
calibrations spanning 12 taxonomic orders and 12 million years. The 
calibrations used in this study were obtained from fossils and the ages of 
oceanic islands, mountain ranges and land bridges. Although minor but 
significant variations in rates were noted across lineages (Weir and Schluter 
2008), in the absence of suitable internal calibration points this consensus 
molecular clock rate is advocated (Fritz et al. 2011; Voelker et al. 2010). 
In the calibrated approach, divergence time estimates were generated 
from the concatenated Cyt b and ND3 dataset, while divergence estimates 
obtained from the consensus molecular clock rate (2.1%) were generated from 
the Cyt b dataset only. Both approaches used the same starting tree that was 
generated from BI of the concatenated dataset (partitioned by gene and codon 
position); however in the consensus clock rate approach, Z. lateralis was 
pruned from the tree, as no Cyt b sequences were available for this sample. For 
both analyses, two independent Markov Chain Monte Carlo (MCMC) analyses 
were run starting from a user specified tree (BI of the concatenated dataset, 
partitioned by gene and codon position). Chains were run for 2,000,000 
generations using a constant rate Yule speciation prior (assumes a constant 
speciation rate per lineage) and a GTR+G model, sampling every 1,000 
generations with a burn-in of 10%. Convergence of the two independent MCMC 
runs was assessed graphically in TRACER version 1.4.1 (Drummond and 
Rambaut 2007), with the posterior distribution being summarised in the program 
TREE ANNOTATOR version 1.4.8 (Drummond and Rambaut 2007). 
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2.5. Results 
2.5.1. Sequence data 
Given the comparatively lower rate of evolution of ncDNA genes relative 
to mtDNA genes the use of ncDNA sequence data can be particularly 
problematic in recently divergence group such as African Zosterops. The 
ncDNA TGFß2 dataset (582 bp) that was generated in this study provided 
limited sequence variation leading to a lack of phylogenetic signal. As a result, 
subsequent analyses were reliant on mtDNA that demonstrated comparatively 
higher sequence variability.  
The concatenated dataset consists of 1471 bp, constituting the entire Cyt 
b (1123 bp) and ND3 (348 bp) genes. The ND3 dataset is largely complete with 
the exception of four samples (Appendix I) that failed to amplify. For the Cyt b 
dataset, sequences were obtained from two overlapping fragments. There are 
missing or incomplete sequences for 21 individuals, where one or both of the 
overlapping primers failed to amplify (Appendix I). A further 20 incomplete Cyt b 
sequences were obtained from the NCBI database (~310 bp: starting	  83 bp from 
the 5’ end of fragment 1) (Appendix I). Missing or incomplete sequence data 
were coded as missing data in all phylogenetic analyses. The concatenated 
data set contains 364 variable sites and has a relatively even base composition 
(A: 29.9%, C: 34.1%, G: 12.5%, T: 23.4%). Results for a X2 test of homogeneity 
shows no significant difference in base frequencies (Cyt b P=1, ND3 P=1) 
between in-group taxa. Results from an entropy-based index of substitution 
saturation (Xia et al. 2003) indicate that ISS values are significantly lower than 
ISS.C values (Cyt b P=0.00, ND3 P=0.00), suggesting little saturation of the third 
codon position.  
 
2.5.2. Phylogenetic relationships 
Both ML and BI analyses resulted in highly congruent trees, with the 
majority of relationships resolved (Fig. 2.3). Support for these relationships is 
generally good, although unsurprisingly BPP values are higher than BS (Erixon 
et al. 2003). Phylogenetic reconstructions that were generated for both 
individual and concatenated datasets result in highly congruent trees. In 
agreement with the result from DAMBE, the two partitioning strategies used in 
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BI analyses (partition by i) gene and ii) gene and codon position) resulted in the 
same topologies, indicating no detrimental influence of third codons.  
Continental African Zosterops form two major clades (Fig. 2.3; node A, 
node B) that both contain oceanic island radiations from different island 
archipelagos. The analyses further reveal considerable non-monophyly of 
mainland African Zosterops taxa, with three of the four continental species (Z. 
poliogaster, Z. senegalensis and Z. pallidus) rendered non-monophyletic. In 
contrast to the non-monophyly of described species, there is strong support for 
the monophyly of individual subspecies, especially within Z. poliogaster and Z. 
senegalensis.  
All Z. poliogaster subspecies sampled in this study form independent 
well-supported clades that are polyphyletic with respect to each other. With the 
exception of Z. s. jacksoni (Kenyan highlands), which forms a well-supported 
clade (BPP 1.0/ BS 91%) with the nominate subspecies Z. s. senegalensis 
(Ghana), the remaining Z. senegalensis subspecies included in this study are 
recovered as independent clades. The low support for the placement of sample 
ZMUC131324 as sister to the main Z. s. jacksoni clade could be as a result of 
missing data (Appendix I). Analyses indicated considerable genetic structure 
within Z. s. jacksoni; however there is no support for relationships within this 
clade. 
The two South African Z. pallidus subspecies (Z. p. capensis and Z. p. 
virens) form a clade (BPP 0.89 / BS 70%). The position of the single sample of 
Z. p. pallidus (AP50340) is unclear within clade A4, although there is no support 
for its placement as sister to the other Z. pallidus subspecies. Two mainland Z. 
abyssinicus subspecies (Z. a. jubaensis and Z. a. flavilateralis) that have a 
parapatric distribution form a single clade (BPP 1 / BS 75), with no support for 
any division between ‘subspecies’. Results indicate that the mainland Z. 
abyssinicus is distinct from insular members of Z. a. socotranus (Socotra), 
rendering Z. abyssinicus an unnatural grouping. Both BI and ML analyses place 
Z. a. socotranus as sister to the two major African clades A and B (BPP 0.96).  
African clade A (BPP 0.86) supports the inclusion of two island 
radiations: the Gulf of Guinea ‘Oceanic’ white-eyes (GGO) (Melo et al. 2011); 
and the Indian Ocean ‘Maderaspatanus’ clade (IOM) (Warren et al. 2006). Two 
internal mainland African clades are also recovered. These include members of 
the East Africa Z. poliogaster species-complex, the southern African Z. pallidus 
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species-complex, Z. abyssinicus from the lowland of Kenya and Z. senegalensis 
from Tanzania.  
There is good support for the placement of the GGO white-eyes at the 
base of African clade A (BPP 0.86), with the IOM clade embedded between the 
two mainland African sub-clades (BPP 1.0 /BS 82%). Representatives of the 
Montane white-eye species-complex occur in both of these continental sub-
clades (Fig. 2.3. A2, A4). The mainland sub-clade A2 (BBP 0.92 / BS 69%) 
contains Z. p. mbuluensis from southern Kenya (Chyulu Hills) that is a sister to 
a clade containing the two lowland Z. abyssinicus subspecies: Z. a. 
flavilateralis; and Z. a jubaensis.  
The second mainland sub-clade (A4) (BBP 1.0 / BS 93%) contains two Z. 
poliogaster subspecies: Z. p. silvanus from southern Kenya (Taita Hills); and Z. 
p. winifredae from northern Tanzania (S. Pare Mts). Z. p. winifredae forms a 
well-supported clade (BBP 1.0 / BS 99%) with the two southern African Z. 
pallidus subspecies (Z. p. capensis and Z. p. virens) and Z. s. stierlingi from 
Tanzania. Within clade A4, Z. p. silvanus is basal to a clade containing Z. p. 
pallidus, Z. p. winifredae, Z. s. stierlingi and two Z. pallidus subspecies under BI 
(Fig. 2.3.), or is alternatively recovered as sister to the taxon Z. p. pallidus 
(South Africa) under ML. The placement of the latter taxon is weakly supported. 
The Gulf of Guinea ‘mainland’ white-eyes (GGM), along with a clade of 
Congolese Z. senegalensis, are supported as sister to all other taxa within 
Africa clade B, although their relationships with respect to each other are 
unresolved. Within clade B, there is good support for an internal mainland 
African clade (B2: BPP 1.0/ BS 95%). This clade contains two independent 
clades of Z. poliogaster subspecies: Z. p. kulalensis (Mt Kulal); and Z. p. 
kikuyuensis (Mt Kenya / Aberdares range) from northern Kenya. These two taxa 
are not however monophyletic, as the placement of a clade containing two Z. 
senegalensis subspecies (Z. s. jacksoni and Z. s. senegalensis) as sister to Z. 
p. kikuyuensis renders them paraphyletic. The Ancient Indian Ocean white-eyes 
(AIO) fall outside of the African radiation (Fig. 2.3, node 1), with this clade 
recovered as sister to the Asian taxa Z. p. egregious and Z. p. palpebrosus, 
although their position with respect to Z. lateralis (Australia) is less clear at the 
base of the tree. 
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Z. poliogaster winifredae 05899
Z. poliogaster kulalensis 2MK10
Z. poliogaster kulalensis K35
Z. poliogaster kulalensis K37
Z. poliogaster kulalensis K33
Z. poliogaster kulalensis 2MK3
Z. poliogaster kulalensis K31
Z. poliogaster kulalensis K39
Z. poliogaster kulalensis 2MK7
Z. poliogaster kulalensis 2MK9
Z. poliogaster kulalensis K30
Z. poliogaster kulalensis K41
Z. poliogaster kulalensis K34
Z. poliogaster kulalensis K42
Z. poliogaster kulalensis K38
Z. poliogaster kulalensis 2MK8
Z. poliogaster kikuyuensis MK2
Z. poliogaster kikuyuensis AB10
Z. poliogaster kikuyuensis MK6
Z. poliogaster kikuyuensis AB4
Z. poliogaster kikuyuensis RB2
Z. poliogaster kikuyuensis MK7
Z. poliogaster kikuyuensis MK1
Z. poliogaster kikuyuensis AB11
Z. poliogaster kikuyuensis MK3
Z. poliogaster kikuyuensis AB12
Z. poliogaster kikuyuensis AB13
Z. poliogaster kikuyuensis AB2
Z. poliogaster kikuyuensis AB20
Z. senegalensis jacksoni T42
Z. senegalensis jacksoni T51
Z. senegalensis jacksoni T52
Z. senegalensis jacksoni T53
Z. senegalensis jacksoni ZMUC 146786
Z. senegalensis jacksoni ZMUC 146780
Z. senegalensis jacksoni ZMUC 146785
Z. senegalensis jacksoni T41
Z. senegalensis jacksoni T50
Z. senegalensis jacksoni ZMUC 146784
Z. senegalensis jacksoni T49
Z. senegalensis jacksoni T54
Z. senegalensis jacksoni BLS77
Z. senegalensis jacksoni BLS81
Z. senegalensis jacksoni BLS06
Z. senegalensis jacksoni ZMUC 131316
Z. senegalensis jacksoni ZMUC 131325
Z. senegalensis jacksoni ZMUC 131331
Z. senegalensis jacksoni ZMUC BLS65
Z. senegalensis jacksoni BLS35
Z. senegalensis jacksoni ZMUC 131317
Z. senegalensis senegalensis B39250
Z. senegalensis senegalensis B39514
Z. senegalensis jacksoni ZMUC 131324
Z. senegalensis ZMUC 128660
Z. senegalensis ZMUC 128632
Z. senegalensis ZMUC 128658
Z. pallidus pallidus AP50340
Z. pallidus capensis RB1
Z. pallidus capensis RB4
Z. pallidus virens AM36426
Z. pallidus virens AM36429
Z. pallidus virens AM36433
Z. senegalensis stierlingi ZMUC 145467
Z. senegalensis stierlingi ZMUC 129289
Z. senegalensis stierlingi ZMUC 129298
Z. senegalensis stierlingi O8255
Z. senegalensis stierlingi ZMUC 142607
Z. senegalensis stierlingi ZMUC 140192
Z. senegalensis stierlingi ZMUC 142605
Stachyris whiteheadi AF094633
Z. borbonicus mauritianus BWM25
Z. borbonicus mauritianus BWM24
Z. borbonicus mauritianus BWM17
Z. borbonicus borbonicus BWM46
Z. borbonicus borbonicus BWM47
Z. borbonicus borbonicus BWM54
Z. lateralis SCB77
Z. palpebrosus palpebrosus RF2
Z. palpebrosus egregious BMNH. 1964.26.1 
Z. abyssinicus socotranus BW292
Z. abyssinicus socotranus BW293
Z. poliogaster mbuluensis 2CH11
Z. poliogaster mbuluensis CH3
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Figure 2.3: Bayesian Inference (BI) tree of African Zosteropidae generated from the 
concatenated mitochondrial ND3 and Cyt b datasets, partitioned by gene and codon 
position. Branch lengths are proportional to the degree of sequence divergence. Node support 
in the form of Bayesian posterior probabilities (BPP) and ML bootstrap values (1000 replicates) 
are displayed above and below the branches respectively.  Indicates nodes with >95% 
BPP/BS,  indicates nodes with >90% BPP/BS,  indicates nodes with >80% BPP/BS and  
indicates nodes with > 50% BPP/BS. Nodes with < 50% BPP/BS are not shown. Key nodes are 
labelled 1-4, AR, A-A7 and B-B4. Taxa are labelled using full trinomial nomenclature, following 
the taxonomy of Dickinson (2003). 
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2.5.3.Temporal divergence  
Irrespective of molecular dating method, African Zosterops are estimated 
as being a very recently diverged group (<5Ma). Divergence time estimates 
obtained from the island calibration approach are approximately 2.8 times 
younger than those obtained when the commonly employed 2.1% clock rate 
(Weir and Schluter 2008) is applied (Table 2.3). Previous estimates of the 
molecular rate of evolution in Zosteropidae using independent island 
calibrations (Warren et al. 2006; Moyle et al. 2006; Melo et al. 2011) have 
documented significantly faster rates of evolution than 2.1%.  
 
2.5.4.Calibrated approach  
For the calibrated approach, results indicate that diversification of African 
Zosterops occurred during a period of climatic instability associated with the 
Plio-Pleistocene (Fig 2.4; Table 2.3). Mean age estimates indicate that 
divergence of mainland African taxa is associated with cool and arid climatic 
episodes, whilst colonisation of the surrounding island system can be linked to a 
period of extreme wetness. However, broad confidence intervals (95% CL) on 
age estimates indicate that this relationship is not supported statistically. 
Divergence estimates place initial diversification of African Zosterops 
(Fig. 2.4, node AR) in the Lower Pleistocene (1.54 Ma CI 95% 1.11, 2.11) with 
divergence in clades A and B occurring soon afterwards (1.44Ma and 1.14Ma 
respectively). Mean age estimates for these events coincide with a period of 
reduced moisture availability that is associated with a phase of heightened 
aridity between 1.7 and 1.1Ma. Mean age estimates for the re-colonisation of 
the Gulf of Guinea (node B1, 1.06 CI 95% 0.74, 1.47) and Indian Ocean system 
(node A3, 1.06 CI 95% 0.75, 1.46) coincide with a period of wetness and 
humidity that occurred between 1.1 and 0.9Ma (Trauth et al. 2007). 
Results indicate that the independent diversification of all endemic 
montane Z. poliogaster subspecies occurred within the last 0.88Ma. This 
corresponds to a period of reduced moisture availability associated with the cool 
and arid conditions that occurred after 0.9Ma (Trauth et al. 2007). Results 
further indicate that divergence of montane forms occurred in two phases. Mean 
age estimates place the independent divergences of Z. p. silvanus (node A4) 
and Z. p. kulalensis (node B2) at 0.88 and 0.78Ma respectively. These dates 
correspond to early stages of aridity that occurred shortly after a period of 
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extreme wetness that ended 0.9Ma. The second phase of divergence occurred 
in a more advance period of aridity between 0.63 and 0.29Ma (Trauth et al. 
2007) and resulted in multiple divergence events between highland forest and 
lowland savannah specialists.  
Divergence between the endemic montane Z. p. kikuyuensis (Mt Kenya 
and Aberdares Range) and a clade containing two Z. senegalensis subspecies 
(Z. s. senegalensis and Z. s. jacksoni) that occupy different elevational 
distributions and habitat types is estimated at 0.63Ma (node B3, CL 95% 0.42, 
0.90). Divergence between highland Z. s. jacksoni (Kenya) and lowland Z. s. 
senegalensis (Ghana) is estimated at 0.39Ma (node B4, CL 95% 0.23, 0.58), 
coinciding with the time estimate for divergence between the endemic montane 
Z. p. mbuluensis (Chyulu Hills) and two lowland subspecies of Z. abyssinicus 
(Z. a. jubaensis and Z. a. flavilateralis) (node A2, 0.39Ma CL 95% 0.24, 0.59). 
Divergence between the endemic montane Z. p. winifredae (S. Pare Mountains) 
and a clade containing lowland Z. pallidus and highland Z. s. stierlingi is 
estimated at 0.37Ma (node A6, CL 95% 0.21, 0.56), with divergence between Z. 
pallidus (Z. p. capensis and Z. p. virens) and Z. s. stierlingi occurring soon 
afterwards (0.29Ma, CL 95% 0.17, 0.43). 
 
2.5.5.Clock rate approach 
For the conservative molecular clock rate (2.1.%) approach age 
estimates for the diversification of this group would coincide with Pliocene 
tropical forest retraction (Hamilton and Taylor 1991; Feakins et al. 2005; 
Sepulchre et al. 2006), while divergence of Montane forms would coincide with 
earlier cycles of precessional-forced climatic variability that occurred during the 
late Pliocene/early Pleistocene (Trauth et al. 2007). Divergence estimates place 
initial diversification of African Zosterops in the lower Pliocene (4.36Ma CI 95% 
3.64, 5.10). Mean age estimates place initial divergence in clades A and B at 
4.16 Ma (CI 95% 3.44, 4.94) and 3.19 Ma (CI 95% 2.54 3.87) respectively. 
These dates coincide with a period of pronounced aridity that is thought to have 
led to a substantial expansion of savannah with subsequent retraction of 
tropical forest (Hamilton and Taylor 1991; Feakins et al. 2005; Sepulchre et al. 
2006). Mean divergence estimates place the independent diversification of all 
endemic montane Z. poliogaster subspecies within the last 2.34Ma 
corresponding with climatic fluctuations of the lower Pleistocene.  
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Figure 2.4: Temporal divergence of African Zosteropidae. Chronogram obtained under a 
Bayesian relaxed clock method (implemented in BEAST version 1.48) using the concatenated 
mtDNA dataset. The maximum estimate for the volcanic origin of Grande Comore at 0.5Ma 
(Nougier et al. 1986) was used to calibrate node C; the node separating the lowland Grande 
Comore white-eye (Z. maderaspatanus kirki) from other taxa in the maderaspatanus clade 
(Warren et al. 2006). Key nodes are labelled 1-4, AR, A-A7 and B-B4. Dark purple bars 
represent the 95% confidence intervals of age estimates. The pale blue background indicates 
three periods of extreme wetness and humidity that are estimated to have occurred between 
2.7-2.5 Ma, 1.9-1.7 Ma and 1.1-0.9 Ma (Trauth et al. 2007). 
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2.6. Discussion  
2.6.1. Molecular phylogeny and taxonomic implications 
 This study represents the first densely sampled, strongly supported 
phylogenetic assessment of mainland African Zosterops. The results identify the 
presence of two major independent mainland African clades that both contain 
island radiations on nearby island archipelagos. Furthermore, results highlight 
significant non-monophyly of mainland Africa taxa, specifically Z. poliogaster 
and Z. senegalensis, with members of both species occurring in each major 
clade. These relationships support previous findings focusing on Zosterops 
island radiations (Warren et al. 2006; Melo et al. 2011) but which only included 
very limited mainland African sampling.  
 In the absence of molecular data, the various non-intergrading montane 
populations of Z. poliogaster are classified as subspecies of a wider species 
complex (Dickinson 2003). However, the extensive sampling in this study for 
five of the eight currently described Z. poliogaster subspecies strongly identifies 
this taxon as polyphyletic. Instead, strong support for the monophyly of 
individual subspecies indicates that the various non-intergrading montane 
populations should be considered as independent taxonomic units rather than 
intra-specific taxa. Further investigation using species delimitation methods 
(Wiens and Penkrot 2002; Pons et al. 2006; Knowles and Carstens 2007; 
Barraclough et al. 2009; Monaghan et al. 2009; Carstens and Dewey 2010; 
Leaché and Fujita 2010; Powell 2012) and involving subspecies absent from 
this study is required to accurately infer taxonomic boundaries.  
 The widespread taxon Z. senegalensis is also recovered as polyphyletic 
with the five subspecies sampled (14 currently recognised) falling into four 
distinct clades that are not related. The non-monophyly of Z. senegalensis 
suggests this group could be a cryptic species complex (Funk and Omland 
2003). Denser sampling of subspecies within Z. senegalensis is needed to 
determine a more complete picture of intra-specific relationships.  
This study also highlights discordance in the taxonomic treatment of Z. 
abyssinicus, revealing that two mainland African Z. abyssinicus subspecies (Z. 
a. flavilateralis and Z. a. jubaensis) are distinct from the insular member of Z. a. 
socotranus. Furthermore, results provide no support for division between Z. a. 
flavilateralis and Z. a. jubaensis, which brings into question their sub-specific 
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status. Further sampling of subspecies in Ethiopia and the Arabian Peninsula is 
required to fully resolve the systematic treatment of this group.  
Finally, while two Z. pallidus (Z. p. capensis and Z. p. virens) subspecies 
form a strongly supported clade, the phylogenetic placement of the nominate 
subspecies (Z. p. pallidus) remains unclear. With no support for its placement 
as sister to the clade containing Z. p. capensis and Z. p. virens, these results 
support a previous taxonomic treatment (Moreau 1957), in which the western 
nominate group (Z. p. pallidus) and the eastern group (Z. p. capensis) were 
treated as separate species. Although the placement of Z. p. pallidus within 
clade A4 is unresolved, the non-monophyly of Z. pallidus demonstrated in this 
study is concordance with the recent molecular phylogeny of Oatley et al. 
(2012) that placed Z. p. pallidus as sister to Z. senegalensis. These findings add 
to existing questions (Melo et al. 2011) regarding the utility of traditional 
morphological characters used to delineate species within Zosteropidae and 
reinforce the need for complete systematic review of all African Zosterops. 
 
2.6.2. Molecular phylogeny and models of speciation  
The montane speciation model predicts that recently evolved montane 
populations should have similar ecological requirements and vagility, leading 
them to occupy congruent elevational distributions and habitat types that 
correspond with current and/or historical refugia (Roy 1997; Wiens and 
Donoghue 2004; Kozak and Wiens 2007; Fjeldså and Bowie 2008; Wiens et al. 
2010). Phylogenetic results clearly indicate that this is not the case for Z. 
poliogaster, revealing that many endemic montane populations are more closely 
related to taxa with divergent habitat types, elevational distributions and 
dispersal abilities than they are to populations of restricted endemics that occur 
in neighbouring montane forest fragments (Fig. 2.3). This is in contrast to what 
has been reported for African bulbuls (Pycnonotidae: Andropadus), in which 
species and subspecies occupying montane forest fragments are recovered as 
a monophyletic group relative to species that occupy the dry and arid lowlands 
(Roy 1997). The phylogenetic placement of endemic montane forms, as sister 
to taxa with differing ecological requirements and vagility, provides clear 
evidence that Z. poliogaster subspecies are not relics of a previously 
widespread population as indicated in the current taxonomic arrangement (Fry 
et al. 2000; Dickinson 2003; van Balen 2008) and thus niche conservatism has 
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not played the primary role in divergence (Moritz et al. 2000; Kozak and Wiens 
2007). Instead, results indicate that ancestral Z. poliogaster populations were 
adaptive, with niche divergence leading to aggregates of taxa with divergent 
habitat types, elevational distributions and dispersal abilities.  
This is particularly evident for the endemic montane Z. p. mbuluensis 
(Chyulu Hills, Kenya) that is recovered as sister to two Z. abyssinicus 
subspecies (Z. a. flavilateralis and Z. a. jubaensis) that have a wide distribution 
throughout the dry and arid lowlands of Kenya and Ethiopia. Both the gradient 
speciation model and the vanishing refuge model have previously been used to 
explain the occurrence of sister taxa in adjacent but distinct habitats (Vanzolini 
and Williams 1981; Moritz et al. 2000; Ogden and Thorpe 2002; Hall 2005; 
Kozak and Wiens 2007). However in the absence of data on historical rate of 
gene flow, it is extremely difficult to distinguish between these two alternative 
hypotheses using phylogenetic inference.  
Divergent selection is also demonstrated within two other mainland 
African sub-clades (Fig. 2.3, Nodes A4 and B2), yet the range of ecotypes 
within these clades makes historical relationships complex. Both clades (A4 and 
B2) contain two endemic montane Z. poliogaster subspecies that occur in 
neighbouring forest fragments. Despite the proximity of the forest fragments 
(<50km between Taita Hills/ S. Pare Mts and <100km between Mt Kulal/ N. 
Aberdares), Z. poliogaster populations in both clades are clearly divergent, 
conforming to the idea that lowland savannah habitat provides a barrier to gene 
flow causing divergence between isolated non-adaptive forms in neighbouring 
montane forest fragments (Fjeldså and Lovett 1997; Roy 1997; Fjeldså and 
Bowie 2008; Measey and Tolley 2011; Voelker et al. 2010). Despite this, in both 
sub-clades one of the Z. poliogaster subspecies is recovered as sister to a 
clade containing widely dispersed taxa (Fig. 2.3, Nodes A7 and B4).  
Representatives of clades A7 and B4 differ from Z. poliogaster in both 
habitat type and elevational distribution. In clade A7 the two Z. pallidus 
subspecies (Z. p. capensis and Z. p. virens) have wide distributions, occurring 
in dry temperate grasslands of southern Africa, while in B4, Z. s. senegalensis 
has a wide distribution occurring in the moist and dry savannahs from Senegal 
to northwest Ethiopia. These clades also contain highland Z. senegalensis (Z. s. 
jacksoni and Z. s. stierlingi) that, like Z. poliogaster, occupy montane forest 
habitats throughout Kenya and Tanzania. However, the presence of highland Z. 
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senegalensis in multiple non-connected forest fragments indicates that, unlike 
Z. poliogaster, highland Z. senegalensis populations are less restricted by low 
dispersal abilities. Strong support for the basal placement of Z. poliogaster 
subspecies Z. p. silvanus and Z. p. kulalensis (restricted montane distributions) 
relative to clades A7 and B4 (divergent habitat types and/or wide distributions) 
challenges the montane speciation model, suggesting that ancestral lineages 
were in fact adaptive.  
While the placements of clades A7 and B4 provide substantial support 
for mechanisms founded on niche divergence, they do not provide support for 
the gradient speciation model. Both Z. pallidus and Z. s. senegalensis have 
wide distributions occupying non-montane forest habitat. However, the 
restricted populations of Z. p. winifredae and Z. p. kikuyuensis are not 
contiguous with Z. pallidus and Z. senegalensis respectively and thus strong 
directional selection between habitat types along an altitudinal gradient is not 
reflected (Moritz et al. 2000; Kozak and Wiens 2007). Furthermore, the 
presence of highland Z. senegalensis forms (Z. s. stierlingi and Z. s. jacksoni) 
within clades A7 and B4 conflicts with the main predictions of the gradient 
speciation model that taxa should occur in distinct habitats that have 
elevationally non-overlapping geographical distributions (Moritz et al. 2000). 
Instead, this study favours the vanishing refuge model to explain 
diversification within East African Zosterops. This model accounts for 
divergence between adjacent montane populations, which is interpreted as 
support for the theory that forest retraction served as a vicariant isolating 
mechanism for forest-adapted species that became geographically isolated in 
stable montane forest refugia (Fjeldså and Lovett 1997; Roy 1997; Fjeldså and 
Bowie 2008; Measey and Tolley 2011; Voelker et al. 2010). In addition, 
divergent selection toward tolerance of less favourable habitat as a result of 
habitat loss in less stable montane areas explains the sister relationship 
demonstrated between many endemic montane populations and clades 
containing taxa with non-montane habitat types. Under the assumption that a 
tolerance of arid conditions promotes habitat plasticity, directional selection of 
ancestral taxa would have led to wide ecological tolerances. This would have 
allowed for adaptation to arid environments during periods of extreme aridity 
with the subsequent re-colonisation of more favourable forested habitats when 
available.  
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2.6.3. Avian molecular clock  
Broad application of ‘traditional divergence rates’, such as the avian 
molecular clock (2.1.%), has received widespread criticism (García-Moreno 
2004; Lovette 2004; Ho et al. 2005; Perira and Baker 2006; Ho 2007). Previous 
studies indicate widespread variation in the rate of evolution among birds 
(Peterson 2006) and therefore the use of a standard clock rate across diverse 
avian taxa is questionable (Ho 2007). Mutation rate is also shown to vary 
depending on the taxonomic level with inter-specific comparisons giving lower 
rates relative to intra-specific comparisons (Lambert et al. 2002; Ho et al. 2005). 
Consequently, employment of the 2.1% interspecific rate in analyses that 
include intra-specific data is likely to produce overestimates of the ages of 
divergence events (Ho et al. 2005; Ho and Larson 2006). 
The use of geological calibration, while often preferred, has marked 
weaknesses with divergence estimates being heavily dependent on the quality 
of calibration points available. Analyses often presume minimum error 
associated with geological ages of calibrations and do not take into account that 
lineage divergence may pre- or post-date the calibration set. Examining priors 
associated with calibrated nodes and using multiple calibration points is often 
used to try and increase the reliability of divergence estimates, however a lack 
of suitable calibration points means that this study was limited to the use of a 
single geological calibration. In spite of this, support for the use of the 
appearance of Grande Comore as a geological calibration to date divergence 
within African Zosterops comes from previous studies that demonstrate 
consistency in divergence estimate produced using independent calibrations 
(Moyle et al. 2009; Melo et al. 2011).  
Using a different taxon set, additional genes, independent calibration 
points (New Georgia Group, Solomon Islands) and different analytical methods, 
Moyle et al. (2009) dated the divergence of the GGM clade between 0.89-
1.35Ma. This is extremely similar to the estimate produce by the island-
calibrated approach used in this study (0.7-1.47Ma). Even if the true rate of 
evolution in Zosteropidae was slower and similar to the more conservative 2.1% 
clock rate (Weir and Schluter 2008), then African Zosterops would still be 
estimated as a very recently diverged group (<5Ma). Based on the 2.1% clock 
rate approach, age estimates for the diversification of this group would coincide 
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with Pliocene tropical forest retraction (Hamilton and Taylor 1991; Feakins et al. 
2005; Sepulchre et al. 2006), while divergence of Montane forms would 
coincide with earlier cycles of precessional-forced climatic variability that 
occurred during the late Pliocene/early Pleistocene (Trauth et al. 2007). 
 
2.6.4. Evidence supporting the Pleistocene refuge model 
The Pleistocene Refuge Hypothesis argues that dramatic changes in 
fauna composition during periods of reduced rainfall would have led to the 
temporary fractioning, and in some cases divergence, of previously widespread 
populations that became isolated in lowland forest refugia (Crowe and Crowe 
1982; Mayr and O’Hara 1986; Diamond and Hamilton 2009). Previous avian 
studies addressing the montane speciation model have criticised the 
Pleistocene refuge hypothesis, arguing that divergence of many lowland 
species predates the Plio-Pleistocene (Amorim 1991; Hackett 1993; Fjeldså and 
Lovett 1997; Roy et al. 2001; Fjeldså and Bowie 2008).  
However, results based on the calibrated approach indicate that this may 
not be the case with average estimates of divergence times for all African 
Zosterops (including lowland taxa) falling well within the Lower Pleistocene (Fig. 
2.4., Table 3) Results based on the calibrated approach suggest that early 
divergence within this group took place during a phase of heightened aridity 
between 2.5 and 1.7Ma (deMenocal 1995; Trauth et al. 2007) (Fig. 2.4.). 
However, as previously discussed, discrepancies between the calibrated and 
clock rate approach mean that strict interpretation of results from either 
approach warrant caution. Nevertheless, even under the more conservative 
molecular clock approach several node estimates coincide with the Pleistocene 
and thus the role of Pleistocene refugia should not be altogether discounted.  
 
2.6.5. Divergence of montane endemics  
Results indicate that diversification of all endemic montane Z. poliogaster 
subspecies occurred within the last 0.88Ma (CL 95%, 0.61, 1.23). These age 
estimates coincide with a period of desiccation associated with the onset of arid 
conditions that occurred shortly after a period of extreme wetness (Trauth et al. 
2007). Mean node ages suggest that divergence times of montane taxa were 
not contemporaneous: while early stages of dryness resulted in the independent 
diversifications of Z. p. silvanus and Z. p. kulalensis (0.88Ma); divergence of Z. 
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p. kikuyuensis, Z. p. mbuluensis and Z. p. winifredae occurred much later (0.63, 
0.39 and 0.29Ma respectively). This relationship supports the vanishing refuge 
hypothesis, suggesting that later stages of aridity are associated with 
divergence between endemic montane forest specialists and clades containing 
widely dispersed lowland and/or highland taxa.   
Under this model the ancestral population of clades containing widely 
dispersed lowland and/or highland taxa would have been a forest specialist. 
Following the assumption that increased aridity caused the contraction of forest 
habitat into montane forest refuges (Fjeldså 1994; Fjeldså Lovett 1997; Fjeldså 
and Bowie 2008; Roy et al. 2001; Voelker et al. 2010), this model predicts that 
the forest fragments occupied by these ancestral lineages would have been 
less stable than the forest fragments occupied by current Z. poliogaster 
subspecies. Periods of prolonged aridity would have resulted in refuges 
becoming too small to retain viable populations, leading to directional selection 
towards a tolerance of less favourable habitats (Vanzolini and Williams 1981; 
Moritz et al. 2000). 
The lack of resolution in the spatio-temporal dynamics of key variables 
such as the structure and contiguity of rainforest habitat means that identifying 
the location of ‘palaeoforest’ fragments would be extremely difficult (Moritz et al. 
2000). However, given the geographic proximity of Z. poliogaster subspecies in 
both Africa A and B, this study predicts that the ancestral populations of clades 
containing widely dispersed lowland and/or highland taxa would have occupied 
‘palaeoforest’ fragments that were geographically close to forest fragments 
currently occupied by sister taxa.  
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2.7. Conclusions  
 In his review of African Zosteropidae, Moreau (1957) recognised the 
taxonomic complexities of this group. Moreau (1967) identified that the features 
used to determine relationships among African taxa may be problematic and 
advised others to ‘deal with current taxonomy with great caution’. This study 
confirms that Moreau (1957) caution was not unjustified, with the phylogeny 
generated demonstrating significant non-monophyly of mainland African 
Zosterops species. Consequently, this study questions the utility of traditional 
characters, predominantly morphological, used to delineate species within 
Zosteropidae, with results indicating that the current taxonomic framework may 
have led to a severe underestimation of Zosterops diversity within mainland 
Africa. Denser sampling of Zosterops across continental Africa is necessary to 
determine a more comprehensive systematic framework, which would provide 
the basis for a complete systematic review of all mainland African taxa. 
Phylogenetic analysis indicates that divergence leading to the current 
distribution of East African Zosterops is more complex that previously thought. 
The non-monophyly of Z. poliogaster indicates that the endemic montane 
populations of East Africa are not relics of a previously widespread population, 
as shown in African Bulbuls (Roy 1997), Akalats (Roy et al 2001) and Forest 
Robins (Voelker et al. 2010). This study therefore excludes the postulated 
montane speciation model in favour of the vanishing refuge model to explain 
lineage diversification in the focal group. Rather than being non-adaptive as 
predicted by the montane speciation model, this study indicates that ancestral 
Zosterops populations were in fact adaptive. Phylogenetic analysis identifies 
three key biotic diversification events within African Zosterops, where niche 
divergence has led to aggregates of taxa with divergent habitat types, 
elevational distributions and dispersal abilities. However, subsequent 
investigation into whether ancestral populations experienced severe bottlenecks 
with subsequent range expansion as a result of habitat loss is necessary. 
Irrespective of method, divergence estimates recover African Zosterops 
as a very recently diverged group. Results indicate that the effect of climatic 
history on ancestral divergence within African Zosterops is not limited to 
divergence between montane endemics. Instead the unstable Plio-Pleistocene 
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African climate may have provided the primary driver for lineage diversification 
in all mainland African Zosterops lineages. 
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The phylogenetic utility of 
Amplified Fragment Length 
Polymorphisms (AFLPs) in 
resolving relationships within East 
African Zosterops 
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3.1 Abstract 
Introduction: Estimating relationships from ncDNA sequence data can 
be particularly problematic for groups that have diversified relatively recently. 
The genus Zosterops (white-eyes) demonstrates the complexity involved in 
uncovering relationships within very recently diverged groups, with few 
appropriate ncDNA sequence markers available for phylogenetic construction. 
This study investigates the utility of AFLP characters in resolving relationships 
between East Africa Zosterops to address whether the non-monophyly of 
montane endemics, as demonstrated in the mtDNA phylogeny of Chapter 2, is 
congruent with the relationships inferred from AFLP data. 
Methodology: In total 15 primer combinations were used to generate 
AFLP profiles for 92 Zosterops samples. MrBayes was used to construct a 
topology and to assess support for phylogenetic groupings. Bayesian 
hypothesis testing was used to investigate support for phylogenetic hypotheses 
surrounding the taxonomic validity of Z. poliogaster.  
Results:  Resolution of relationships across the AFLP phylogeny is 
generally poor. While endemic montane Z. poliogaster subspecies form 
independently well-supported clades there is no support for the broader clades 
recovered in the mtDNA phylogeny of Chapter 2. Bayesian hypothesis testing 
failed to provide support for the nine constrained topologies tested. 
Consequently this study was unable to confirm or reject the non-monophyly of 
East African montane Zosterops.  
Discussion: Results are interpreted to suggest that the dramatically 
lower performance of AFLP analyses with respect to the mtDNA phylogeny 
generated in Chapter 2 is likely due to the low information content of the AFLP 
matrix generated. This study examines the various properties of AFLPs that 
may have limited the quantity and quality of data contained within the fragments 
generated and highlights: fragment length collision; fragment length co-
dominance; co-dominant noise; and a predominance of private alleles as key 
factors.  
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3.2. Introduction 
3.2.1. Molecular markers 
In order to obtain an accurate assessment of genetic diversity to address 
questions regarding phylogenetic relationships, it is important to utilise the most 
appropriate marker for the research question. No single molecular technique is 
universally ideal, with each available technique exhibiting both strengths and 
weaknesses. Recent decades have seen extensive use of sequence-based 
data for phylogenetic reconstruction, with mitochondrial sequence data (mtDNA) 
being the most widely used genetic marker for phylogenetic inference (Moritz et 
al. 1987; Herbert et al. 2003; Ballard and Whitlock 2004; Brito and Edwards 
2008). The widespread use of mtDNA can be attributed to numerous factors. 
When compared to nuclear sequence data (ncDNA), mtDNA genes have no 
recombination, higher mutation rates and a smaller effective population size 
(Ballard and Whitlock 2004; Brito and Edwards 2008) giving mtDNA a 
comparatively higher rate of evolution and relatively rapid coalescent times.  
While the general utility of mtDNA markers for phylogenetic and 
phylogeographic studies is well established, the use of mtDNA genes has 
marked weaknesses (Knowles and Maddison 2002; Ballard and Whitlock 2004; 
Brito and Edwards 2008). The maternal inheritance of mtDNA means that 
phylogenetic reconstructions based solely on mtDNA genes only reflect the 
maternal lineage (Ballard and Whitlock, 2004). In groups that demonstrate sex-
biased dispersal (i.e. female phylopatry), mtDNA phylogenies fail to take into 
account male gene-flow dynamics (Ruppell et al. 2003; Wilder et al. 2004). 
Furthermore, mtDNA is shown to be more readily affected by the interspecific 
hybridisation than ncDNA (e.g. Chan and Levin 2005; Linnen and Farrell 2007), 
which can result in inconsistencies between topologies produced by mtDNA and 
ncDNA datasets. 
Conflicts between phylogenies produced from mtDNA and ncDNA 
sequence data can be seen throughout the literature (Sota et al. 2001; Spinks 
and Shaffer 2009; Jackson and Austin 2010; McKay and Zink 2010; Joyce et al. 
2011; Yeung et al. 2011) and have been attributed to mechanisms including 
incomplete lineage sorting, introgression, hybridisation and a generally lower 
rate of mutation in the nuclear genes compared to the mitochondrial genome 
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(Takahashi et al. 2001; Sanderson and Shaffer 2002; Shaw 2002; Funk and 
Omland 2003; Ballard and Whitlock 2004; McKay and Zink, 2010). 
The last decade has seen an increasing awareness that inference based 
on mtDNA alone will not always be sufficient to resolve the species tree (Doyle 
1992; Funk and Omland, 2003; Chan and Levin 2005; Brito and Edwards 2008; 
Spinks and Shaffer, 2009). While recent years have seen an increasing 
tendency to include ncDNA when generating species-level phylogenies (García-
Moreno et al. 2003; Beltrán et al. 2007; Alfaro et al. 2008; Hugall et al. 2008), 
the comparatively lower rate of evolution of ncDNA genes can often limit the 
usefulness of ncDNA sequence data. For groups that have diverged relatively 
recently (e.g. island radiations) the use of ncDNA sequence data can be 
particularly problematic with limited sequence variation leading to a lack of 
phylogenetic signal. Many studies of more recently diverged groups are 
therefore still heavily reliant on mtDNA sequence data (e.g., Warren et al. 2003; 
Arbogast et al. 2006; Barluenga et al. 2006; Dasmahapatra and Mallet 2006; 
Warren et al. 2006; Jackson and Austin 2010; Joyce et al. 2011; Melo et al. 
2011).  
Obtaining a nuclear assessment of genetic diversity that resolves 
relationships at more shallow taxonomic levels requires a large number of 
independent ncDNA loci (Shaffer and Thomson 2007; Brito and Edwards 2008). 
In situations where ncDNA sequence data is limited by a lack of available 
nuclear sequence markers, researchers have turned to other nuclear marker 
systems such as microsatellites or simple sequence repeats (SSR: Richard and 
Thorpe 2001), single nucleotide polymorphisms (SNP: Carstens and Knowles 
2007), restriction fragment length polymorphisms (RFLP; Mori et al. 1997), inter 
simple sequence repeats (ISSR: Al-Daoude et al. 2012), random amplified 
polymorphic DNA (RAPD; Al-Daoude et al. 2012) and amplified fragment length 
polymorphisms (AFLP; Koopman 2005).  
These nuclear marker systems differ in the amount and quality of 
information obtained, with some approaches allowing the examination of a few 
single-locus markers, while others allow for the simultaneous investigation of 
multiple loci (Gerber et al. 2000; Saliba-Colombani 2000; Sunnucks 2000; 
Campbell et al. 2003; Nybom 2004; Mendelson and Shaw 2005; Meudt and 
Clarke 2007). While these marker systems will all reflect differences or changes 
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in the nuclear genome, the appropriateness of each marker changes in relation 
to the research question and resources available (Sunnucks 2000).  
Choosing the most appropriate marker for a given research question is 
often based on numerous factors, and can frequently involve a trade-off 
between precision and convenience (Mueller and Wolfenbarger 1999). One 
manifestation of this is the dichotomy between multi-locus approaches (i.e. 
AFLP, ISSR, RAPD and RFLP) and single-locus techniques (i.e. SNPs, RAPDs 
and ncDNA sequences). While single-locus techniques are often more 
informative than multi-locus approaches, providing information about both 
alleles present at a given loci (co-dominant marker systems), they can be 
technically demanding and often require prior knowledge of target regions 
(Sunnucks 2000; Mariette et al. 2002; Bensch and Åkesson 2005).  
In contrast multi-locus approaches often require little or no prior 
sequence information, making them an attractive marker system in 
understudied groups where there is often limited prior knowledge of the nuclear 
genome (Bensch and Åkesson 2005; Mendelson and Shaw 2005). While multi-
locus approaches can provide a wide genomic assessment of genetic 
variability, the dominant nature of such marker systems limits them to only 
reporting the presence or absence of a given allele (Sunnucks 2000).  
 
3.2.2. Multi-locus marker systems 
In instances where there is limited prior knowledge of the nuclear 
genome, multi-locus approaches, specifically AFLPs can be an attractive 
alternative to many co-dominant markers such as multi-gene DNA sequencing, 
microsatellites and SNPs (Jones et al. 1997; Mori et al. 1997; Albertson et al. 
1999; Mueller and Wolfenbarger 1999; Gerber et al. 2000; Sunnucks 2000; 
Belaj et al. 2003; Campbell et al. 2003; Bensch and Åkesson 2005; Al-Daoude 
et al. 2012). In contrast to many co-dominant marker systems that require 
extensive screening of the genome for polymorphic regions, multi-locus 
dominant marker systems (ISSRs, RAPDs, RFLPs and AFLPs) require minimal 
prior genomic knowledge of the study group for primer design (Vos et al. 1995; 
Sunnucks 2000; Bensch and Åkesson 2005; Meudt and Clarke 2007).  
Although dominant marker systems are all similar in that they are PCR-
based techniques that use primers to amplify previously uncharacterised DNA 
fragments, they all vary in respect to their data quality, genetic variability and 
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discriminatory power (Meudt and Clarke 2007). While dominant marker systems 
have been shown to demonstrate similar patterns of genetic distance and 
informativeness (Belaj et al. 2003; Nybom 2004), several studies demonstrate 
that AFLP out-perform other dominant marker systems with respect to their 
higher specificity and reproducibility (Jones et al. 1997; Savelkoul et al. 1999; 
Belaj et al. 2003). As a result, researchers have increasingly turned to AFLPs in 
an attempt to obtain high-resolution investigation of relationships in recently 
evolved and/or non-model groups (Sullivan et al. 2004; Mendelson and Shaw 
2005; Dasmahapatra et al. 2009; Quek et al. 2010; Smith et al. 2011). 
Although the use of SNPs (co-dominant marker system) in non-model 
systems has been demonstrated (Emerson et al. 2010; Wagner et al. 2012), the 
absence of prior sequence information requires an additional data generation 
stage from which variable sites (SNPs) can be screened (Baird et al. 2008). 
This involves the use of high-throughput sequencing of restriction-site-
associated DNA tags (RAD tags) that are subsequently screened to identify 
SNP sites. While the information extracted per locus is higher in SNPs 
compared to alternative dominant marker systems the generation of prior 
sequence information and the subsequent screening process can be extremely 
costly and labour intensive.  
 
3.2.3. Amplified Fragment Length Polymorphism’s (AFLP) 
The AFLP method is a PCR based methodology that combines the 
strengths of RFLP and RAPD, and was first developed by Vos et al. (1995). It is 
a selective method that amplifies subsets of restriction fragments, resulting in a 
unique and reproducible fingerprint (or profile) for each individual (Mueller and 
Wolfenbarger 1999).	   Although there is a tendency for AFLP fragments to be 
concentrated around centromeric regions (Saliba-Colombani et al. 2000), their 
genome-wide distribution is thought to give a more complete picture of whole-
genome diversity relative to other markers systems (sequence data or 
microsatellites) that concentrate on comparatively smaller regions of the 
genome (Meudt and Clarke 2007).  
AFLPs have a broad range of applications and have been utilised in a 
wide range of disciplines, including linkage mapping (Alonso-Blanco et al. 1998; 
Saliba-Colombani et al. 2000), parentage analysis (Gerber et al. 2000), 
measuring genetic diversity (Nybom 2004), identifying hybrids (Goldman et al. 
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2004), population genetics (Parsons and Shaw 2001; Barluenga et al. 2006; 
Mila et al. 2010) population assignment (Campbell et al. 2003) and phylogenetic 
reconstruction (Albertson et al. 1999; Sullivan et al. 2004; Dasmahapatra et al. 
2009; Genner and Tunner 2012). 
AFLPs require a relatively short start-up time and have the ability to 
generate numerous (>1000) genome-wide di-allelic loci at moderate costs 
(compared to SNPs for example). While the dominant nature of AFLPs means 
that information extracted per locus is less informative when compared to co-
dominant marker systems, it is argued that AFLPs derive their statistical power 
from the sheer number of loci that can be generated (Sunnucks 2000; Belaj et 
al. 2003; Bensch and Åkesson 2005; Meudt and Clarke 2007).  
Despite their apparent usefulness however, there has been a non-
random distribution in the utilisation of AFLPs relative to organism group. While 
AFLPs have been the choice method for many studies of plants, fungi, and 
bacteria, animal researchers have been relatively slow in embracing this 
method (Bensch and Åkesson 2005). In the past, micro-satellites have often 
prevailed as the molecular marker used by animal researchers (Brito and 
Edwards 2008), despite problems associated with isolation and transferability of 
markers between species. 
The discovery that numerous AFLP data sets contain phylogenetic signal 
(Koopman 2005; Mendelson and Shaw 2005) has stimulated their use as a 
source of genetic information for phylogenetic reconstruction, particularly 
among closely related species or genera (Barluenga et al. 2006; Genner and 
Tunner 2010; Quek et al. 2010). As a result of their wide genomic distribution, 
AFLP markers are likely to uncover rare genetic variation in closely related 
groups and have been used to infer relationships in groups, which have 
previously been impossible to resolve with morphological or other molecular 
markers (Mendelson and Shaw 2005; Quek et al. 2010). 
There is a general consensus that the usefulness of AFLP markers for 
phylogenetic and phylogeographic studies relates more to grouping of closely 
related lineages rather than distantly related taxa (Mueller and Wolfenbarger 
1999; Bensch and Åkesson 2005; Meudt and Clarke 2007). While AFLPs have 
provided support for deep relationships in some groups (e.g., Dasmahapatra et 
al. 2009; Smith et al. 2011), there is significant evidence that demonstrates that 
phylogenetic inference becomes more problematic at higher taxonomic levels, 
95	  
	  
with homoplasy of AFLP profiles increasing significantly in comparisons of 
distantly related taxa (Koopman 2005; García-Pereira et al. 2009). 
 
3.2.4. Study system - East African Zosterops  
The genus Zosterops demonstrates the complexity involved in 
uncovering relationships within very recently diverged groups. With few ncDNA 
sequence markers available, attempts to uncover relationships within this highly 
speciose group have relied largely on mtDNA sequence data (Slikas et al. 2000; 
Warren et al. 2006; Phillimore et al. 2008; Melo et al. 2011) or microsatellites 
(Estoup and Clegg 2003; Clegg and Phillimore 2010) although Moyle et al. 
(2009) and Oatley et al. (2012) have used multi-locus approaches.  
Chapter 2 attempted to generate a multi-locus species-level phylogeny 
for East African Zosterops. However, investigation into the potential use of the 
nuclear gene TGFß2 resulted in no informative sites, and the results therefore 
relied exclusively on mtDNA sequence data. While analyses resulted in a well-
resolved strongly supported topology, phylogenetic relationships demonstrated 
significant discordance from the currently accepted taxonomy (predominantly 
based on phenotypic and ecological characters). Results showed that none of 
the forms previously identified as putative species corresponded to 
monophyletic groups. Instead results indicated that collection site rather than 
phenotype was often a better predictor of haplotype affinities.  
The non-monophyly of taxa was interpreted to suggest that despite 
strong ecological and morphological similarities, in many cases montane Z. 
poliogaster subspecies are actually more closely related to lowland taxa than 
they are to neighbouring highland Z. poliogaster populations. Although the 
reciprocal monophyly of lowland and highland taxa provides evidence of lineage 
sorting (at least at the level of mtDNA loci), the polyphyletic placement of Z. 
poliogaster might also reflect incomplete lineage sorting or introgressive 
hybridisation as demonstrated in other radiations (Takahashi et al. 2001; Shaw 
2002; Sullivan et al. 2004; Spinks and Shaffer 2009; Genner and Tunner 2012). 
Given that no independent estimate of phylogeny was available for this study, 
the possibility of local introgression of the mitochondrial genome across forms 
cannot be ruled out. Thus a nuclear phylogeny is still required to assess 
whether the non-monophyly of montane endemics is reflected across the 
genome.  
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3.3 Aims 
Using amplified fragment length polymorphisms (AFLPs), the primary aim of this 
chapter is to obtain a nuclear assessment for genetic relationships within the 
East African Zosterops. In particular, this work aims to address whether the 
non-monophyly of montane endemics, as demonstrated in the mtDNA 
phylogeny of Chapter 2, is congruent to the relationships inferred from nuclear 
markers. If Z. poliogaster subspecies are more closely related to non-montane 
forms based on AFLP markers, this would support convergent evolution of the 
Z. poliogaster phenotype. Alternatively, if Z. poliogaster is recovered as 
monophyletic, indicating a single radiation of montane forms, results would 
instead provide support for either ancient mtDNA introgression or the retention 
of ancestral mtDNA polymorphism through incomplete lineage sorting.  
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3.4 Materials and methods 
3.4.1. Taxonomic sampling  
In total 116 DNA extracts were obtained for this study. The majority of 
DNA extracts (86) were obtained from blood samples that were taken during 
multiple collecting trips to Kenya between 2008 and 2010. Kenya is occupied by 
all three East African Zosterops species (Z. poliogaster, Z. senegalensis and Z. 
abyssinicus), including four of the eight currently recognised Z. poliogaster 
subspecies, one of the two East African Z. senegalensis subspecies (14 
recognised across Africa) and two of the four mainland Z. abyssinicus 
subspecies (six subspecies in total). Specifically, this study obtained 49 DNA 
extracts for Z. poliogaster subspecies representing the four allopatric Kenyan 
subspecies: Z. p. kulalensis (Mt Kulal); Z. p. kikuyuensis (Aberdares range); Z. 
p. silvanus (Taita Hills); and Z. p. mbuluensis (Chyulu Hills). Due to limited 
sampling outside Kenya, this study was unable to acquire samples for Z. p. 
winifredae and Z. eurycricotus from northern Tanzania or Z. p. poliogaster and 
Z. p. kaffensis from the Ethiopian highlands. 
For the two highland Z. senegalensis subspecies that have fragmented 
distributions throughout Kenya and Tanzania, this study obtained 28 samples 
representing four populations of Z. s. jacksoni from across Kenya and three 
populations of Z. s. stierlingi from the highlands of Tanzania. Samples of Z. s. 
jacksoni from western Kenya were collected during fieldwork in 2011, while Z. s. 
jacksoni samples from the Kenyan highlands and Tanzanian Z. s. stierlingi 
samples were collected by various groups between 2000 and 2008. An 
additional five Z. senegalensis samples were also acquired from outside East 
Africa, representing three samples from DRC (not identified to sub-specific 
level) and two samples from Cameroon (Z. s. stenocricotus).  
For the lowland species Z. abyssinicus, this study obtained DNA extracts 
(20 samples) for both Kenyan subspecies (Z. a. jubaensis and Z. a. 
flavilateralis) that have a parapatric distribution from southern Ethiopian through 
to northern Tanzania. It was not possible to obtain samples for Z. a. abyssinicus 
and Z. a. omoensis from the northern part of the range (Ethiopia, Sudan and 
Eritrea), although two samples were obtained for the insular subspecies Z. a. 
socotranus. An additional five samples were acquired for the southern Africa 
species Z. pallidus, in addition to seven samples representing Zosterops 
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species in the Gulf of Guinea and the Indian Ocean island systems. Details of 
voucher numbers, collection dates and sampling localities are listed in Appendix 
II.  
 
3.4.2. DNA quality screening 
AFLP-PCR is more sensitive to DNA quality and the presence of residual 
inhibitors in the DNA extract, than standard PCR-based applications (Vos et al. 
1995: Bensch and Åkesson 2005). Poor quality DNA extracts can exhibit 
significant DNA degradation. The fragmented nature of degraded DNA (non-
restriction fragments) can cause significant problems for the interpretation and 
analysis of AFLP datasets, with the presence of non-restriction fragments likely 
to increase levels of homoplasy (Bensch and Åkesson 2005). the presence of 
PCR-inhibitors in DNA extracts can indirectly affect AFLP profiles by reducing 
amplification efficiency and thus fragment generation between samples (Vos et 
al. 1995; Savelkoul et al. 1999; Meudt and Clarke 2007). A successful AFLP 
methodology therefore requires extracts that have high yields (~100 ng/µl) of 
good quality (non-degraded) DNA that is free of contaminants. All DNA extracts 
were screened using a Nanodrop spectrophotometer (Thermo Scientific 
NanoDrop 8000 V2.0) to quantify DNA concentration and to test for the 
presence of PCR inhibitors. In addition, DNA extracts were electrophoresed on 
a 1.5% agarose gel and assessed against Hyperladder I (Bioline) to obtain a 
measure of DNA quality. Only non-degraded, high molecular weight DNA 
extracts were used to generate AFLP profiles.  
 
3.4.3. Generation of AFLP fragments 
AFLP profiles were generated following the AFLP procedure of Vos et al. 
(1995), with certain modifications for fluorescent primers as detailed in Huang 
and Sun (1999) (Fig 3.1). Digestion of genomic DNA with restriction enzymes 
(Fig. 3.1, Step 1) was performed in 10µl volumes consisting of 5µl total genomic 
DNA (~10ng/ µl), 0.05µl of both the MseI (1 unit) and EcoRI (5 units) restriction 
enzymes, 1µl of both MseI and EcoRI restriction buffers (New England Biolabs), 
1µl of BSA (10 mg/ml) and 2µl ddH2O. Samples were incubated for 3 hours at 
37˚C. Double stranded adapters were constructed from complementary single-
stranded oligonucleotides (Table 3.1) heated to 95˚C for 10 min and then left to 
cool at room temperature. The ligation of the double stranded adapters (EcoRI 
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and Msel) to the end of the restriction fragments (Fig. 3.1, Step 2) was 
performed in 20µl volumes by adding 6.8µl ddH2O, 1µl T4 DNA ligase buffer 
(New England BioLabs), 0.2µl of T4 DNA ligase (400 units), and 1µl of each 
adaptor to the restriction product (10µM) and incubating at 16˚C for 16 hours.  
Following standard protocols (Vos et al. 1995), selective PCR was 
carried out in two stages. A sub-sample of all restriction fragments was obtained 
through a pre-selective amplification (Fig. 3.1, Step 3), followed by 15 selective 
amplifications (Fig. 3.1, Step 4) with each EcoRI primer labelled with either FAM 
(+NNN*FAM) NED (+NNN*NED) or HEX (+NNN*HEX) fluorescent dyes. Pre-
selective primers consisted of the adapter primer sequence with a single 
selective nucleotide (+N) at the 3’ end. Selective amplifications were performed 
with primers containing the pre-amplification primer sequence with an additional 
2 selective nucleotides at the 3’ end, giving a 3 base pair extension (+NNN) 
from the original adapter sequence.  
Pre-selective amplifications (Fig. 3.1, Step 3) were performed with 4µl of 
ligation product, 6.72µl ddH2O, 2µl 10X PCR buffer (Bioline), 1µl MgCl2 (25µM), 
2µl dNTPs (2.5 µM of each), 1µl BSA (10 mg/ml), 0.6µl of each pre-selective 
primer (10µM), and 0.08µl of Taq DNA polymerase (0.4 units). PCR cycling 
parameters were a preliminary 72˚C extension for 2 minutes followed by 20 
cycles of 20 seconds at 94˚C, 30 seconds at 56˚C and 2 minutes at 72˚C, with a 
final hold at 60˚C for 30 minutes. Following pre-amplification PCR products 
were diluted 1:5 with ddH2O.  
Selective amplification reactions (Fig. 3.1, Step 4) were performed in 
10µl reaction volumes adding 5µl of the diluted (1:5) pre-selective PCR product 
to 1.04µl ddH2O, 2.0µl dNTPs (2.5µM of each), 1µl 10 X PCR buffer (Bioline), 
0.3µl MgCl2 (25µM), 0.06µl Taq DNA polymerase (0.3 units) and 0.3µl of both 
MseI and EcoRI selective amplification primers (10µM).  
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1. Restriction digestion  
2. Adapter ligation  
3. Pre-amplification (PA)  
4. Selective amplification (SA)  
GTAGACTGCGTACCAATTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
CATCTGACGCATGGTTAANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
EcoRI adapter
    TACTCAGGACTCAT
ATGAGTCCTGAGTA
Msel adapter
GTAGACTGCGTACCAATTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
CATCTGACGCATGGTTAANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
EcoRI PA primer
TACTCAGGACTCAT
ATGAGTCCTGAGTA
GTAGACTGCGTACCAATTN
 NATGAGTCCTGAGTA
Msel PA primer
HEX-labelled EcoRI SA primer
GTAGACTGCGTACCAATTNNN
NNNATGAGTCCTGAGTA
Msel SA primer
GTAGACTGCGTACCAATTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
CATCTGACGCATGGTTAANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
    TACTCAGGACTCAT
ATGAGTCCTGAGTA
EcoRI enzyme Msel enzyme
EcoRI restriction site
‘sticky end’
EcoRI restriction site
‘sticky end’
FAM
NED
	  
 
Figure 3.1. Overview of AFLP generation. Step 1: Digestion of genomic DNA with restriction 
endonucleases EcoRI (rare cutter) and Msel (common cutter). Step 2: Ligation of the double 
stranded adapters (EcoRI and Msel specific) to DNA fragment ends (‘sticky ends’) Step 3: Pre-
amplification that amplifies a sub-set of EcoRI/Msel templates (~1/16). Primers match the 
adapter sequence with a single nucleotide extension (N) Step 4: Selective amplification further 
reduces the number of fragments using primers that have an additional two nucleotides. All 
EcoRI primers used for SA are labelled with a fluorescent dye (FAM, NED or HEX) thus 
ensuring all resulting fragments are dye-labelled. 
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Thermal cycling conditions for selective PCR consisted of 2 min at 94°C 
followed by 10 cycles with 20 sec at 94°C, 30 sec at annealing temperature, 
which decreased in each cycle by 1°C from 65°C to 56°C, and 2 min at 72°C. 
The PCR continued for 25 cycles with 20 sec at 94°C, 30 sec at 56°C and 2 min 
at 72°C, followed by a holding step at 60°C for 30 min. Five individuals were 
repeated from the restriction ligation stage onwards to obtain a relative 
assessment of the repeatability of AFLP profiles. 
 
3.4.4. Primer testing 
AFLP profiles vary widely in number of loci amplified between selective 
amplification products produced by different primer combinations (Meudt and 
Clarke 2007). Given that the EcoRI restriction site occurs less frequently in the 
genome than the MseI restriction site (frequent cutter), enzyme-specific primer 
pairings can have major consequences for the number of AFLP fragments 
generated (Meudt and Clarke 2007). Pairing two EcoRI-specific primers 
together (EcoRI-EcoRI) will result in fewer fragments than a pairing of EcoRI 
and Msel or MseI and Msel respectively. 
The number of nucleotides used in primer selective base pair extensions 
will also dramatically affect the quality of AFLP profiles, with longer extensions 
reducing the number of AFLP fragments (Vos et al. 1995; Bonin et al. 2004). In 
good quality AFLP profiles, the number of AFLP fragments should be high 
enough to maximise resolution but low enough to minimise homoplasy. This 
study follows a previous AFLP study on the Mascarene grey white-eye (Mila et 
al. 2010), which used EcoRI-Msel primer combinations with three selective base 
pair extensions. 
The combination of nucleotides in the selective base pair extension can 
also affect the quality of AFLP profiles (Bensch and Åkesson 2005). It is 
therefore necessary to screen different primer combinations to get a measure of 
amplification efficiency (Meudt and Clarke 2007). This study screened a total of 
21 unique primer combinations that were generated from three selective 
amplification EcoRI+NNN primers (labelled with different fluorescent dyes) and 
seven Msel+NNN primers. A subset of eight DNA extracts was chosen to test 
all 21 AFLP primers combinations and resulting selective amplification products 
were electrophoresed on a 3.5% agarose gel against a Hyperladder V (Bioline) 
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size standard. The resulting electrophoresis runs were used to choose the most 
appropriate primer combinations. Good primer pairs were identified as those 
that produce numerous visual fragments of between 100-500 base pairs (bp) 
with little or minimal background smearing.   
 
 
Table 3.1. AFLP adaptors and primers	  
Primer name	   Primer sequences	   Dye	  
 
Adaptors 	  
	   	  
EcoRI A	   5'-CTCGTAGACTGCGTACC-3'	   	  
EcoRI B	   5'-AATTGGTACGCAGTCTAC-3'	   	  
Msel A	   5'-GACGATGAGTCCTGAG-3'	   	  
Msel B	   5'-TACTCAGGACTCAT-3'	   	  
 
Pre-amplification primers	  
EcoRI	   5’-GACTGCGTACCAATTCA-3’	   	  
Msel	   5’-GATGAGTCCTGAGTAAC-3’	   	  
 
Selective-amplification primers	  
SA_EcoRI_ACT	   5’-GACTGCGTACCAATTCACT-3 ‘	   HEX	  
SA_EcoRI_ACA	   5’-GACTGCGTACCAATTCACA-3’	   FAM	  
SA_EcoRI_AAC	   5’-GACTGCGTACCAATTCAAC-3’	   NED	  
SA_Msel_CGC	   5’-GATGAGTCCTGAGTAACGC-3’	   	  
SA_Msel_CTT	   5’-GATGAGTCCTGAGTAACTT-3’	   	  
SA_Msel_CAC	   5’-GATGAGTCCTGAGTAACAC-3’	   	  
SA_Msel_CTA	   5’-GATGAGTCCTGAGTAACTA-3’	   	  
SA_Msel_CAG	   5’-GATGAGTCCTGAGTAACAG-3’	   	  
SA_Msel_CAT	   5’-GATGAGTCCTGAGTAACAT-3’	   	  
SA_Msel_CTC	   5’-GATGAGTCCTGAGTAACTC-3’	   	  
Black = sticky end, purple= core adapter sequence, blue= enzyme-specific adapter sequence 
and red= selective base pair extension. 
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3.4.5. Pooling fluorescently labelled primer combinations 
Fluorescent labelling of AFLP fragments has revolutionised the use of 
AFLP-PCR. This technique avoids the use of isotopes or silver staining (Huang 
and Sun 1999) and gives a much higher degree of resolution providing the 
AFLP banding patterns to the level of single nucleotide differences (Mueller and 
Wolfenbarger 1999). Using differently labelled primer combinations also allows 
selective amplification products to be pooled, allowing multiple AFLP primer 
combinations to be run in a single lane (Fig. 3.2). However, variation in 
amplitude of emission between fluorophores can often result in poor AFLP 
profiles and therefore investigating optimum pooling ratio is advocated (Meudt 
and Clarke 2007). 
For this study, fragment analysis was conducted on a 3730 Applied 
Biosystems Sanger Sequencer using recommended fluorophores (FAM, NED 
HEX and LIZ). To account for differential amplitude of emissions between dyes 
(fluorophores), five samples were run using a series of dilution ratios (neat, 1:5 
1:10) for each primer combination. From these dye ratio tests, an RFU emission 
standard could be identified for each dye, from which the optimum-pooling ratio 
could be calibrated.  
 
3.4.6. Scoring AFLP profiles 
The generation of an AFLP binary matrix can be a challenging process 
(Bonin et al. 2004; Pompanon et al. 2005; Meudt and Clarke 2007; Holland et 
al. 2008). Detecting homology of fragments across multiple taxa is compounded 
by the problem of homoplasy that makes identifying truly homologous 
characters (or alleles) difficult (Bensch and Åkesson 2005). Scoring profiles is 
also compounded by variation between samples, in peak amplitude and width, 
in addition to the presence of shoulder peaks or stuttering (Pompanon et al. 
2005) (Fig. 3.3, A). The challenge in scoring AFLP profiles is to maximise the 
signal to noise ratio by optimising analysis parameters such as: peak amplitude 
threshold (the intensity above which a peak is scored); the bin width and 
position (size and position in which peaks are considered homologous); and the 
minimum fragment size recorded (Meudt and Clarke, 2007; Holland et al. 2008). 
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Figure 3.2. Overview of pool-plexing procedure. A: Pre-selective PCR amplification of a 
sample B: Selective PCR amplification using different primers, each labelled with different 
fluorescent dyes (FAM=blue, HEX=green and NED=yellow). C: Pooling of differently labelled 
PCR products D: capillary electrophoresis of pooled samples with resulting fragment read 
(FAM=blue, HEX=green and NED=Black). E: Extraction of data profile for each fluorescent 
dye/primer combination. 
 
Peak amplitude thresholds, or more specifically variation in peak intensity 
between samples and fragments, provide a common source of error when 
scoring AFLP profiles (Bonin et al., 2004; Meudt and Clarke 2007). Variation in 
fragment intensity between samples (Fig. 3.3,B) makes determining the peak 
amplitude threshold difficult. Peak intensity of AFLP data can vary widely and 
therefore special attention must be paid to the amplitude threshold, which 
should be low enough to detect the weakest peaks, but high enough above the 
background to eliminate noise (Holland et al. 2008). Fragment mobility is a 
second source of scoring error (Fig. 3.3,C) and is the result of variation in 
fragment length or poorly calibrated reads (Bonin et al. 2004; Meudt and Clarke 
2007). The position and width of the bin dictates whether peaks from different 
samples are split into separate characters or grouped under a single character. 
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Consequently, bin width and bin position can have a significant effect of scoring 
efficiency (Holland et al. 2008). 
Most AFLP automated scoring software allows for the control of scoring 
parameters such as amplitude threshold, bin width and minimum fragment size 
(Holland et al. 2008). In contrast to manual scoring, automated scoring is 
repeatable and far less time consuming however, while adjustable, threshold 
parameters are used for all fragment lengths across all samples. Scoring 
thresholds (amplitude and width) can vary widely both across fragment lengths 
and between samples and therefore using a single threshold can still result in 
significant scoring error. For example the AFLP-PCR procedure often results in 
numerous small fragments (e.g.150bp) and comparatively fewer larger 
fragments (e.g. 450bp). As a result AFLP reads often have more high intensity 
peaks with a lower signal to noise ratio at smaller fragment lengths when 
compared to larger fragments lengths. Optimising scoring thresholds for smaller 
fragments would result in a loss of larger fragments, while optimising based on 
larger fragments would result in a significant degree of noise. In such situations 
manual scoring allows for bin-specific thresholds, which would permit threshold 
variation between alleles whilst maintaining high specificity.  
Peaks were visualised using GENEMAPPER version 3.7 and all primer 
combinations were analysed separately. An initial scoring panel was generated 
using the automatic panel generation feature of GENEMAPPER under default 
settings. This feature algorithmically generates panels and bins based on the 
collective peaks present from all samples. The resulting AFLP panels were then 
checked by eye and preliminary values were set for amplitude threshold and bin 
width that corresponded to average estimates of peak height and peak width for 
all fragments. Size standard concordance was checked by eye by overlaying all 
sample size standards (LIZ) to check for variation between samples. In addition 
Peak Quality Flags generated by GENEMAPPER were checked to assess the 
quality of sequence reads. All peak quality analyses were run using default 
setting.  
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Figure 3.3. AFLP thresholds and common sources of scoring error. A: Example of AFLP 
profile with associated scoring parameters. B: Scoring errors associated with fragment intensity. 
If the upper threshold is used (black line) the peak in bin 1 for sample 1 is scored as absent (0) 
and for sample 2 as present (1). Although the threshold can be lowered (red line) to include the 
peak in bin 1 for sample 1 this can blur the boundary between noise and peaks and may cause 
the same problem to occur in other bins C: Scoring errors associated with peak mobility 
(fragments size differs between samples). Under threshold 1 the peaks are not considered to be 
the same character while under threshold 2 they are.  
 
The AFLP samples were then re-analysed using the preliminary analysis 
parameters to remove much of the poor bin assignment before manual 
inspection. The resulting AFLP profiles were over-laid and the quality, position 
and width of each bin relative to the concatenated profile were manually 
assessed. For each fragment, bins were saved, modified or deleted depending 
on their fit to the data, with only unambiguously scorable loci (bins) retained for 
future analysis. In addition, bins corresponding to fragments less that 75bp were 
removed and peaks found in less than 2% of samples were discounted.  
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AFLP reads were subsequently re-analysed using the manually edited 
panel and an amplitude threshold that was approximately half that of the original 
estimated value. Given the variation in peak height both across samples and 
between bins, each bin within the panel was re-assessed and all fragments 
within each bin were manually scored using an independent bin-specific 
amplitude threshold. This threshold was identified by overlaying all peaks within 
each bin and assessing the signal to noise ratio. 
 
3.4.7. Repeatability  
Although AFLPs are considered highly reproducible (Mueller and 
Wolfenbarger 1999; Bonin et al. 2004), producing replicate or duplicate profiles 
is advised (Bonin et al. 2004; Meudt and Clarke 2007). Unlike DNA sequencing, 
where correct nucleotides can be determined with a high degree of confidence, 
the scoring of AFLP profiles is much more subjective. Factors such as plate 
position, reagents, PCR conditions, laboratory equipment, fluorescent dyes, 
size standard and capillary instrument can all affect reproducibility and 
comparability of AFLP profiles (Meudt and Clarke 2007). Therefore ensuring 
consistency throughout the study is critical. To remove any positional sources of 
error, plate position was randomised and samples were labelled anonymously. 
In addition, plate position, reagents, protocols and equipment were 
standardised throughout the duration of the study.  
The technical aspect of generating AFLP profiles (PCR stutter, non-
amplification), the subjectivity associated with scoring profiles, and differences 
in peak mobility and intensity of AFLP profiles all introduce further sources of 
error (Bonin et al. 2004; Pompanon et al. 2005). Although these factors may not 
directly bias the result of the analysis they cause a reduction in the signal to 
noise ratio (Bonin et al. 2004), which can result in a loss of resolution. Creating 
replicates and quantifying genotyping error rate is considered an essential 
component of an AFLP study, because replicates are the only objective 
measure of quality (Pompanon et al. 2005). In total five individuals were 
repeated from the restriction ligation stage onwards to obtain a relative 
assessment of the repeatability of AFLP profiles.  
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3.4.8. Phylogenetic analyses 
MrBayes version 3.1.2 (Huelsenbeck and Ronquist 2001) was used for 
phylogenetic reconstruction of the 255-character AFLP dataset. Four 
independent Metropolis-coupled Markov Chain Monte Carlo (MCMC) chains 
(temp=0.2) were run for 10,000,000 generations, with a sampling frequency of 
1000 and a relative burn-in of 25%. The binary matrix was coded as data-
type=restriction and coding=no absence sites, with all other parameters set as 
default. The posterior probability branch support values (BPP) were estimated 
from a majority rule tree of the final 50% of trees generated.  
 
3.4.9. Phylogenetic hypothesis testing  
MrBayes was used to investigate support for phylogenetic hypotheses 
from AFLP data, using an approach that compares the harmonic mean log-
likelihood of trees generated under constrained (hypothesised) and 
unconstrained (observed) topologies (Genner and Tunner 2012). This method 
differs from traditional approaches because it does not lead to the rejection of a 
null hypothesis in favour of an alternative hypothesis, but instead evaluates 
support for a given hypothesis based on available evidence (Genner and 
Tunner 2012). 
Constrained topologies were constructed in MrBayes where Markov 
chain Monte Carlo analyses were run for 10,000,000 generations (sampling 
every 1000 generations) using coding data-type=restriction and coding=no 
absence sites. In total nine constrained topologies were generated (Table 3.2) 
to test hypotheses regarding the monophyly of species (constraints 1,2,3,4 and 
8) as set out by the current taxonomy (monophyly of species) versus the 
grouping or relationships previously identified by mtDNA (constraints 5,6,7 and 
9). For each constrained topology, Bayes factors were calculated as twice the 
harmonic mean of log-likelihoods between the null and the hypothesised 
topologies. In concordance with previous studies (Marek and Bond 2006; 
Genner and Tunner 2012), Bayes factors >10 were considered unsupportive of 
hypothesised or constrained topologies whereas those <10 were considered 
supportive.  
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3.5. Results 
3.5.1. AFLP profiles  
In total 116 samples were screened to get a measure of template DNA 
quality and quantity. Seven samples were removed from the study as the 
presence of smearing on the agarose gel indicated poor quality extracts. These 
samples represented three Z. senegalensis samples from the DRC 
(ZMUC128660, ZMUC128632 and ZMUC128658), three Z. senegalensis 
jacksoni samples from Kenya (T54, ZMUC131324 and ZMUC131324), and a 
single Z. poliogaster kikuyuensis sample from Mt Kenya (AB11). After manual 
inspection of AFLP profiles, a further 18 samples were removed from the 
dataset (Z abyssinicus: T14, T15, T76, T84, T85; Z. poliogaster: K41, 2MK3, 
2MK7, 2MK8, 2MK9, 2MK10, MK1, MK2, MK7, AB13, TH1-2, CH1, CH3) as 
high levels of noise hindered efficient scoring. 
The number of bins (alleles) for each of the 15 primer combinations 
identified by the initial scoring panel ranged from 211 to 563 across the 15 
primer combinations used. In general, NED-labelled primer combinations gave 
the fewest number of fragments while FAM-labelled primer combinations gave 
the highest. Average peak amplitude was relatively uniform across primer 
combinations (~800 RFU), although the range of peak amplitude varied 
significantly between bins (100-5000). Shoulder stuttering was present in 11 of 
the 15 primer combinations used and were most frequently observed for FAM-
labelled primers. The signal to noise ratio was lowest in FAM-labelled primers 
and was notably higher in HEX- and NED- labelled primers respectively. The 
degree or intensity of base line noise was highest at smaller fragment lengths 
and reduced significantly as fragment length increased. This was concordant 
with peak amplitude and the number of bins identified by the initial scoring 
panel, both of which decreased with increasing fragment length.  
Manual examination of concatenated AFLP profiles identified a large 
variation in peak amplitude between samples, which subsequently led to a large 
proportion of the bin being discounted (~90%). Co-dominant alleles were 
evident across all primer combinations examined. However, peak amplitude 
variability between samples hindered assessments of frequency.  
The final AFLP data set was constructed from 92 samples and contained 
255 AFLP characters. Average estimates of genotyping error, measured as 
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recommended by Bonin et al. (2004), was 0.8%. The number of fragments 
scored per sample ranged from 45 to 84, with the mean number of fragment 
scored being 66.9. Of the 255 AFLP-loci examined, 31% (79 alleles) 
corresponded to private alleles for which scoring was limited to individuals from 
the same sampling locality. 
 
3.5.2. Phylogenetic resolution and hypothesis testing  
Bayesian Inference of the AFLP dataset recovers the two Z. borbonicus 
subspecies (Z. b. borbonicus and Z. b. mauritianus) (BPP=1.00) as 
phylogenetically distinct from all other Africa taxa (Fig. 3.4). This result is 
concordant with the mtDNA phylogeny of Chapter 2 that recovers the Ancient 
Indian Ocean (AIO) white-eye clade (including Z. borbonicus) at the base of all 
other African Zosterops. Mainland African taxa and representatives from the 
Gulf of Guinea and the maderaspatanus clade taxa are recovered as a single 
clade (BPP=1.00), but there is no support for the broader clades recovered in 
the mtDNA phylogeny of Chapter 2. Furthermore, Bayesian hypothesis testing 
failed to provide support for the nine constrained topologies tested (Table 3.2), 
and as a result this study is unable to support or reject the non-monophyly of Z. 
poliogaster.  
While broader relationships across the AFLP-phylogeny are poorly 
resolved, there is good support for the monophyly of range-restricted taxa that 
have endemic distributions occupying oceanic islands (i.e. Z. a. socotranus and 
Z. borbonicus) and continental montane forest ‘sky islands’ (i.e. Z. poliogaster 
subspecies). Conversely, there is very little support for the monophyly of 
subspecies and or populations in more widely distributed taxa such as Z. 
abyssinicus and Z. senegalensis (Fig. 3.4). Extensive sampling of two 
subspecies of Z. senegalensis (Z. s. jacksoni and Z. s. stierlingi) and two 
subspecies of Z. abyssinicus (Z. a. jubaensis and Z. a. flavilateralis) across 
several sampling localities reveals limited phylogenetic clustering, and those 
clusters present, are not concordant with geographic or sub-specific divisions. 
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Oceanic Island spp
Z. abyssinicus
Z. pallidus
Z. senegalensis
Z. poliogaster 
0.03
Z. senegalensis jacksoni BLS81
Z. senegalensis stenocricotus STC01
Z. senegalensis stenocricotus STC03
Z. poliogaster silvanus 1-21
Z. poliogaster silvanus 3-21
Z. poliogaster silvanus 2-15
Z. poliogaster silvanus 3-12
Z. poliogaster silvanus 3-20
Z. poliogaster silvanus 2-12
Z. poliogaster silvanus 2-10
Z. poliogaster silvanus 2-3
Z. poliogaster silvanus 1-3
Z. poliogaster silvanus 3-13
Z. poliogaster silvanus 1-10
Z. poliogaster mbuluensis CH8
Z. poliogaster mbuluensis CH6
Z. poliogaster mbuluensis 2CH13
Z. poliogaster mbuluensis 2CH12
Z. poliogaster mbuluensis CH11
Z. poliogaster mbuluensis 2CH10
Z. poliogaster mbuluensis CH1
Z. poliogaster mbuluensis CH9
Z. poliogaster mbuluensis CH7
Z. poliogaster kulalensis K39
Z. poliogaster kulalensis K35
Z. poliogaster kulalensis K42
Z. poliogaster kulalensis K38
Z. poliogaster kulalensis K30
Z. poliogaster kulalensis K37
Z. poliogaster kulalensis K33
Z. poliogaster kulalensis K31
Z. poliogaster kulalensis K34
Z. poliogaster kikuyensis AB2
Z. poliogaster kikuyensis AB12
Z. poliogaster kikuyensis AB4
Z. poliogaster kikuyensis MK6
Z. poliogaster kikuyensis MK3
Z. poliogaster kikuyensis AB20
Z. poliogaster kikuyensis AB10
Z. abyssinicus flavilateralis T23
Z. abyssinicus jubaensis T77
Z. abyssinicus flavilateralis T20
Z. abyssinicus flavilateralis T21
Z. abyssinicus flavilateralis T17
Z. abyssinicus flavilateralis T30
Z. abyssinicus jubaensis T73
Z. abyssinicus jubaensis T65
Z. abyssinicus jubaensis T60
Z. abyssinicus jubaensis T69
Z. abyssinicus jubaensis T70
Z. abyssinicus jubaensis T61
Z. abyssinicus flavilateralis T11
Z. abyssinicus flavilateralis T5
Z. senegalensis jacksoni 131331
Z. senegalensis jacksoni 131317
Z. senegalensis jacksoni BLS35 
Z. senegalensis jacksoni T49
Z. senegalensis jacksoni T42
Z. senegalensis jacksoni BLS65
Z. senegalensis jacksoni T41
Z. senegalensis jacksoni T53
Z. p. pallidus AP50340
Z. pallidus capensis K1
Z. pallidus virens AM36433
Z. pallidus virens AM36426
Z. pallidus virens AM36429
Z. senegalensis jacksoni BLS06
Z. senegalensis jacksoni BLS77
Z. borbonicus borbonicus BWM54
Z. borbonicus borbonicus BWM46
Z. borbonicus mauritianus BWM17
Z. borbonicus mauritianus BWM25
Spierops lugubris LUG001
Z. maderaspatanus maderaspatanus BW429
Z. maderaspatanus maderaspatanus BW445
Z. senegalensis stierlingi 142607
Z. senegalensis stierlingi 145467
Z. senegalensis stierlingi 140192
Z. senegalensis stierlingi 129289
Z. senegalensis stierlingi 129298
Z. senegalensis stierlingi 142605
Z. senegalensis jacksoni C131316
Z. abyssinicus socotranus BW292
Z. abyssinicus socotranus BW293
Z. senegalensis jacksoni 146780
Z. senegalensis jacksoni 146786
Z. senegalensis jacksoni 146785
Z. senegalensis jacksoni 146784
Z. abyssinicus flavilateralis T4
Z. senegalensis jacksoni T40
Z. senegalensis jacksoni T51
Z. senegalensis jacksoni T52
 
 
Figure 3.4: Phylogenetic reconstruction of East African Zosterops based on nuclear 
AFLP fragments. Node support in the form of Bayesian posterior probabilities (BPP) is 
displayed below corresponding nodes.  Indicates nodes with >95% BPP,  indicates nodes 
with >90% BPP),  indicates nodes with >80% BPP and  indicates nodes with > 50% BPP. 
Nodes with < 50% BPP are not shown. Taxa are labelled using full trinomial nomenclature, 
following the taxonomy of Dickinson (2003). 
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The relationship between taxon distribution (or taxon vagility) and phylogenetic 
resolutions is also demonstrated when comparing support values for the 
monophyly of the four Z. poliogaster subspecies sampled in this study (eight 
subspecies currently recognised). There is a marked difference between 
support for the monophyly of the more widely distribution Z. p. kikuyuensis 
(BBP=0.63), that was sampled from both Mt Kenya and Aberdare range, 
relative to Z. p. kulalensis (BBP=0.94), Z. p. silvanus (BBP=0.99) and Z. p. 
mbuluensis (BBP=0.99), that have comparatively smaller distributions in Mt 
Kulal, Taita hills and the Chyulu hills respectively. 
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3.6. Discussion 
The principle motivation for this study was to obtain a nuclear 
assessment of phylogenetic relationships for East Africa Zosterops. In 
comparison with the previous work presented in Chapter 2, this study aimed to 
identify concordance and discrepancies between phylogenies produced from 
ncDNA and mtDNA markers. Specifically, this study aimed to address whether 
a nuclear phylogeny of East Africa Zosterops supported the non-monophyly of 
Z. poliogaster as demonstrated in the mtDNA phylogeny of Chapter 2. 
In this study AFLPs were chosen as the nuclear component for two 
reasons. Firstly, AFLPs have been shown to provide phylogenetic resolution in 
groups where nuclear sequence data resulted in poor phylogenetic resolution of 
taxa (Albertson et al. 1999; Sullivan et al. 2004; Mendelson and Shaw 2005; 
Quek et al. 2010; Genner and Tunner 2012). This is particularly evident among 
recent or rapidly evolving groups in which the comparatively lower rate of 
evolution of ncDNA genes limits the usefulness of ncDNA sequence data 
(Meudt and Clarke 2007). In such groups, the increased resolution of AFLPs 
has been associated with their genome-wide distribution, which is thought to 
overcome problems associated with locus-specific effects (Quek et al. 2010). 
Secondly, the use of AFLPs in this study was also attractive because in contrast 
to other marker systems, they can generate high numbers of loci per assay unit 
with high reproducibility in the absence of prior genomic information and at 
relatively low costs (Muller and Wolfenbarger 1999).  
However, in contrast to other studies that describe good phylogenetic 
resolution at shallow taxonomic levels using AFLPs (Albertson et al. 1999; 
Sullivan et al. 2004; Mendelson and Shaw 2005; Dasmahapatra et al. 2009; 
Quek et al. 2010; Genner and Tunner 2012), the phylogenetic results from this 
study clearly demonstrate that this is not always the case. Although the AFLP 
methodology delivered in its generation of numerous loci per sample, 
identification of alleles (bins) in which peaks could be clearly scored (as present 
or absent) across samples proved extremely problematical.  
As previously discussed, the process of scoring of AFLP profiles can be 
challenging (Bonin et al. 2004: Pompanon et al. 2005; Meudt and Clarke 2007; 
Holland et al. 2008). In an effort to maximise scoring efficiency, the peak 
topology (amplitude, width and shape) of bins identified by the initial scoring 
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panel across all samples were manually examined. This enabled the 
identification and removal of poor quality bins that were often characterised by 
wide variation in peak intensity (amplitude) between samples, inconsistencies in 
peak position or width across profiles and the presence of shoulder stuttering. In 
manually examining the concatenated reads it became evident that while some 
bins demonstrated fragment mobility and/or shoulder stuttering, in the majority 
of cases variation in fragment intensity between samples led to high levels of 
noise that limited identification of scoring thresholds. As a result, a large 
proportion of the bins (alleles) initially identified had to be discounted. In 
addition, while remaining bins contained clearly scorable peaks, many of these 
bins corresponded to alleles that had little or limited phylogenetic signal (private 
alleles).  
In trying to assess why the AFLP methodology failed to provide adequate 
phylogenetic resolution, I will here examine the various properties of AFLPs that 
may have limited the quantity and quality of data contained within the fragments 
generated. These properties include: (a) non-homology of fragments; (b) 
fragment length co-dominance; (c) co-dominant noise; and (d) asymmetry in the 
probability of losing and gaining fragments. These features would increase the 
amount of stochastic noise in the data and limit the information content of 
alleles scored making them less likely to recover the correct phylogenetic 
relationship (Koopman 2005; Simmons et al. 2007; García-Pereira et al. 2009).  
 
3.6.1 Non-homology of fragments 
One assumption of AFLP datasets is that co-migrating bands (fragments 
of the same length) are homologous or that homoplasy is minimal. In the latter 
case, it is assumed that the collective signal of true bands is strong enough to 
overcome the noise generated by the few bands that demonstrate non-
homology (Koopman 2005; García-Pereira 2009). For datasets that contain 
substantial non-homology of fragments, analyses can result in a considerable 
underestimation of genetic diversity, spurious phylogenetic relationships and/or 
a loss of phylogenetic resolution (Bonin et al. 2004; Bensch and Åkesson 2005).  
It may be unsurprising therefore that the most frequently discussed drawback of 
the AFLP technique is non-homology of profiles (Mueller and Wolfenbarger 
1999; Bensch and Åkesson 2005; Meudt and Clarke 2007).  
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Homoplasy occurs when different accessions are incorrectly scored as 
having a shared character state as a result of either the co-migration of non-
homologous fragments (fragment size homoplasy: Althoff et al. 2007; Gort and 
Eeuwijk 2011: and fragment size collision: Vekemans et al. 2002), or 
independent losses of a shared fragment (fragment length co-dominance: 
Simmons et al. 2007). Non-homology of shared fragments (fragment size 
homoplasy and fragment size collision) occurs when fragments of equal size do 
not originate from the same locus. Non-homology of AFLP loci can occur in 
comparisons among samples (Althoff et al. 2007; Gort and Eeuwijk 2011), when 
fragments of equal length actually represent independent DNA loci (Fig. 3.5,A), 
and may also occur within individuals (Vekemans et al. 2002), when co-
migrating AFLP fragments of the same length do not represent the same 
genomic region (Fig. 3.5,B). This study follows Gort and Eeuwijk (2011) in using 
the terms ‘homoplasy’ and ‘collision’ to distinguish between fragment size non-
homology among, and within, individuals respectively. 
 
3.6.2 Fragment size homoplasy  
Fragment size homoplasy is particularly concerning in studies of genetic 
diversity and phylogenetic construction, as high incidence of fragment size 
homoplasy can lead to poor groupings in which high similarity between 
individuals does not reflect shared ancestry (Bensch and Åkesson 2005). 
During the last decade various empirical and theoretical studies have tested the 
homology of co-migrating bands and have demonstrated that lack of homology 
and thus poor phylogenetic assignments increases dramatically among profiles 
from increasingly divergent taxa (Althoff et al. 1997; O’Hanlon and Peakall 
2000). However, while there is a general consensus regarding the relationship 
between problems with homology assignments in relation to degree of 
taxonomic divergence, the taxonomic level at which AFLPs become unreliable 
is still a matter of debate (Dasmahapatra et al. 2009; García-Pereira et al. 2009; 
Smith et al. 2011).  
Although resolution of relationships is generally poor across the AFLP 
phylogeny generated in this study, there is good support for the division of a 
clade containing two Z. borbonicus subspecies (Z. b. borbonicus and Z. b. 
mauritianus) at the base of the tree. This relationship is concordant with the 
mtDNA results of Chapter 2 and is interpreted to suggest that fragment size 
117	  
	  
homoplasy of profiles from distantly related taxa is unlikely to be the primary 
cause of the loss of resolution in this dataset.  
	  
 
Figure 3.5 Scoring error associated with non-homology of AFLP fragments. A: scoring 
error associated with fragment length homoplasy. B: Loss of data associated with variation in 
peak amplitudes between samples resulting from fragment length homoplasy (between 
samples) and fragment length collision (within samples), which limit the identification of a 
scoring threshold.  
 
3.6.3 Fragment size collision  
Fragment size collision has been shown to occur regularly and to 
increases dramatically with density of amplified fragments (Vekemans et al. 
2002; Althoff et al. 2007; Gort and Eeuwijk 2011). Profiles with more bands are 
thus more susceptible to collision. Collision can result in incorrect scoring 
assignments and can increase stochastic noise (Gort and Eeuwijk 2011) that 
makes identifying the peak height threshold of each bin extremely difficult (Fig. 
3.5,B). The initial scoring panels produced in this study contained numerous 
fragments per primer combination (~300). However, variation in peak topology 
(peak height, peak width, peak shape) between samples meant that, in the 
majority of cases, the bins (alleles) identified by the initial scoring panel 
contained high levels of noise that limited identification of scoring thresholds. As 
a result, a large proportion of the bins (alleles) initially identified had to be 
discounted (~90%).  
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The number of fragments that a sample has for a given allele is directly 
related to the RFU emission, which in turn is related to peak intensity or peak 
amplitude. Fragment size collision can directly influence the number of 
fragments generated for a given fragment length. This can lead to variation in 
fragment intensity between samples that can limit identification of scoring 
thresholds. In following strict scoring parameters as suggested in 
Dasmahapatra et al. (2009), this study aimed to minimise the number of non-
homologous AFLP bands by excluding any bins that were suspected of 
collision. While this approach may have significantly reduced the probability of 
non-homologous bands affecting the analysis, fragment size collision may have 
inadvertently led to a substantial reduction in the number of bands present in 
the final dataset. However, in the absence of sequence data for the AFLP 
fragments generated, it was not possible to quantify the effects of collision in 
this study. 
 
3.6.4 Co-dominant fragment lengths  
Scoring of AFLP data assumes that an absent allele really is absent from 
the data and does not take into account the different ways in which fragments 
can be lost (Mendelson and Shaw 2005; Simmons et al. 2007). For example, 
different types of mutations may result in AFLP fragments of different lengths 
(AFLP-length co-dominance). Under such a situation, two alleles at the same 
locus could mistakenly be scored as presence alleles at two different AFLP loci 
(Wong et al. 2001). Additionally, a substitution that creates a new cut site 
between primers may cause the absent allele for one locus to be scored as a 
presence allele at another AFLP locus (Bensch and Åkesson 2005). 
Given that AFLP profiles are typically complex, containing numerous 
fragments, it is rarely possible to identify polymorphic loci (Bensch and Åkesson 
2005). Mutations between primers may result in numerous non-independent 
loci, thus violating important assumptions regarding phylogenetic construction 
analyses (García-Pereira et al. 2009). The effect of AFLP-length co-dominance 
is assumed to be negligible as long as mutations between primers sites are rare 
(<10%) and a large number of informative bands (>100) have been studied 
(Parsons and Shaw 2001). However, without direct sequencing of AFLP 
fragments to identify co-dominant fragment lengths it is not possible to get an 
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accurate estimate of the effect of AFLP fragment length co-dominance on this 
dataset. 
 
3.6.5 Co-dominant noise  
As previously discussed, the number of fragments a sample has for a 
given allele is directly related to the RFU emission, which in turn is related to 
peak intensity or peak amplitude. In recognising this, we could predict that peak 
intensity differences should be positively correlated with allelic copy number 
(Piepho and Koch 2000). In other words, we would expect individuals that are 
homozygous (1/1) for a given allele to demonstrate a higher peak intensity 
value than heterozygous (1/0) individuals that only have one copy of the allele. 
The presence of AFLP fragments that are the same size but that 
demonstrate distinctly different peak intensities (co-dominant allele) has 
stimulated investigation into the potential for co-dominant scoring of AFLP data 
(Bensch and Åkesson 2005; Meudt and Clarke 2007). While this dual threshold 
may be evident in most datasets, investigations into the potential for co-
dominant scoring has generally been limited to model or crop organisms 
(Assuncão et al. 2006), for which pre-existing genetic information can be used 
to assess the accuracy of co-dominant scoring. These studies indicate that the 
proportion of co-dominant alleles in a given AFLP dataset is generally between 
10% and 20% (Alonso-Blanco et al. 1998; Assuncão et al. 2006), but in some 
cases this value has been shown to be as high as 75% (Wong et al. 2001).  
In theory, it should be possible to distinguish between a homozygous 
present (1/1), heterozygous present (1/0) and homozygous absent (0/0) based 
on relative peak intensities (Fig. 3.6,A). However, in practice peak amplitude 
often varies between samples and thus identification of the peak intensity 
threshold is often based on the range of peak amplitudes exhibited. For co-
dominant alleles, the challenge is the fact that co-dominant variation adds an 
additional dimension of variability. In order to identify the peak threshold, the 
range of peak amplitudes between samples needs to be narrow. If the range of 
peak heights in a dataset gets too large, it makes distinguishing the boundary 
between present and absent all the more difficult and can result in incorrect 
assignment of samples and/ or loss of data.  
Through manually examining concatenated AFLP profiles, the presence 
of co-dominant alleles is clearly evident. Given that variability in peak amplitude 
120	  
	  
was the primary factor leading to the rejection of bins identified by the initial 
scoring panel, co-dominant noise may have been a key factor responsible for 
the variability in peak amplitude that was widely demonstrated. However, the 
largely anonymous nature of AFLP fragments means that in the absence of 
corresponding genetic information it is extremely difficult to quantify the 
proportion of co-dominant alleles. As a result, the effect of co-dominant noise on 
peak amplitude variability cannot be quantified here. 
	  
 
Figure 3.6 AFLP co-dominance and associated noise. A: Example of co-dominant AFLP loci 
with associated scores. B: Scoring errors associated with peak amplitude variability. Wide 
variation in fragment intensity between samples that are heterozygous for a given allele can 
result in the incorrect placement of peak amplitude scoring threshold, resulting in heterozygotes 
being scored as absent. C: Loss of data associated with peak amplitude variability. Variation in 
peak amplitude between samples for both heterozygotes and homozygotes can limit 
identification of peak amplitude scoring threshold making scoring extremely difficult.  
 
 
3.6.6 Private alleles  
This study aimed to maximise the AFLP signal by excluding any bins that 
were suspected of non-homology or co-dominance. In spite of this, results 
clearly demonstrate that alleles contained insufficient phylogenetic signal to 
adequately resolve phylogenetic relationships. While the scoring approach 
adopted by this study must have significantly reduced the number of poor 
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quality alleles, it inadvertently led to a substantial reduction in the number of 
alleles present in the final dataset.  
Given that per-locus information content is relatively poor for AFLPs 
(Bensch and Åkesson 2005), an insufficient number of fragments may have led 
to poor resolution of relationships. However, in constructing an AFLP-phylogeny 
of seals, Dasmahapatra et al. (2009) used only 310 AFLP markers, which 
provided strong phylogenetic signal and resulted in a well-resolved AFLP-
phylogeny that was concordant with trees constructed from mtDNA and ncDNA 
sequence data (Dasmahapatra et al. 2009).  
Inspecting the decoded AFLP dataset (sample locality attached) revealed 
that a large proportion of characters contained within the AFLP matrix 
corresponded to alleles that were specific to a single population (private alleles). 
The predominance of private alleles may be attributed to asymmetry in the 
probability of losing or gaining fragments (Koopman 2005; Simmons et al. 2007; 
García-Pereira et al. 2009), with parallel losses of fragments occuring more 
frequently than parallel gains. The large number of private alleles in the dataset 
is thought to have resulted in strong support for the monophyly of independent 
populations, specifically range-restricted taxa, with little or limited phylogenetic 
resolution of relationships between populations. Results are therefore 
interpreted to suggest that the dramatically lower performance of AFLP analysis 
with respect to the mtDNA phylogeny generated in Chapter 2 and other AFLP 
studies with similar size datasets (Dasmahapatra et al. 2009) is likely due to the 
much lower information content of the AFLP dataset rather than insufficient 
data. 
This result is concordant with the in silico AFLP simulations of García-
Pereira et al. (2009), who identified lower information content of AFLP datasets 
as a factor that has considerable weight to phylogenetic accuracy. The results 
of García-Pereira et al. (2009) indicated that the poor performance of AFLP-
based trees is not the result of sampling a much lower number of informative 
sites and that increasing the number of AFLP markers would still result in poor 
performance.   
 
3.6.7. Future directions - RAD-sequencing  
High throughput next generation sequencing (NGS) technologies offer an 
alternative method of sampling genome-wide diversity. Until recently the 
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restricted availability of whole genome sequences, which were previously 
required for assembling phylogenomic-scale data, has limited the potential use 
of NGS technologies for phylogenetic construction (Rokas et al. 2003; Prasad et 
al. 2008; Philippe et al. 2009). However, with the use of restriction-site-
associated DNA (RAD) sequencing (Baird et al. 2008), it is now possible to 
assemble genome-wide sequence data from RAD-tags without the use of a 
reference genome (Sharma et al. 2012). Nevertheless, it should be noted that a 
lack of reference sequences is expected to increase errors in the assessment of 
gene orthology (Wagner et al. 2012).  
Baird et al. (2008) developed a (RAD-tag) sequencing approach to 
simultaneously detect and genotype thousands of genome-wide SNPs. This 
approach focuses the sequencing effort on genomic regions flanking restriction 
sites, thereby reducing the representation of the genome to be sequenced. Use 
of the RAD-tag sequencing approach in the field of population genomics is 
rapidly expanding (Hohenlohe et al. 2012; Sharma et al. 2012) and studies are 
now possible even in non-model organisms. In contrast, the use of RAD-tags for 
phylogenetic inference is in its infancy. Nevertheless the few studies that have 
been conducted demonstrate the potential power that RAD-tag sequencing has 
to resolve even the most difficult of phylogenetic questions (Emerson et al. 
2010; Rubin et al. 2012; Wagner et al. 2012). 
As genomic approaches become cheaper and sequencing technologies 
allow for more effective surveys, this approach is likely to become an attractive 
alternative to other commonly used marker systems such as AFLPs or multi-
locus gene sequencing. While the behaviour of such data sets in phylogenomic-
scale analyses has not yet been systematically evaluated (Rubin et al. 2012; 
Wagner et al. 2012), current findings highlight the power that NGS-based data 
sets hold for resolving species boundaries and relationships, particularly in 
groups with challenging evolutionary histories. 
123	  
	  
3.7. Conclusion 
 In contrast to other studies that describe good phylogenetic resolution at 
shallow taxonomic levels using AFLPs, the phylogenetic results of this study 
clearly demonstrate that this is not always the case. Despite the generation of 
numerous AFLP loci per sample, this study was unable to resolve relationships 
between the three putative East African Zosterops species (Z. poliogaster, Z. 
senegalensis and Z. abyssinicus). While endemic montane Z. poliogaster 
subspecies form independently well-supported clades, resolution of 
relationships between taxa using AFLPs is generally poor. Consequently, this 
study was unable to confirm or reject the non-monophyly of montane endemics 
that was demonstrated in the mtDNA phylogeny of Chapter 2.  
Efforts to maximise the signal to noise ratio resulted in the removal of 
poor quality bins which in turn led to a substantial reduction in the number of 
scorable alleles present in the final dataset. Fragment length collision, fragment 
length co-dominance and co-dominant noise have all been highlighted as 
factors that may have contributed to the high levels of noise demonstrated. 
However, in the absence of direct sequencing of AFLP fragments this study is 
unable to quantify the relative effects of these factors. 
Of the characters present in the final dataset, a larger proportion 
corresponded to private alleles that were specific to a single population. This is 
thought to have led to strong support for the monophyly of independent 
populations of range-restricted taxa, with little or limited resolution of more 
broad-scale phylogenetic relationships. The high number of private alleles is 
interpreted to suggest that the low information content of this AFLP dataset was 
a factor with a much higher negative impact on phylogenetic accuracy than 
insufficient data.  
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4.1 Abstract 
Background: The current taxonomy of the African white-eyes 
(Zosteropidae) is contentious; involving the recognition of many putative 
species based largely on poor morphological characters. The pace at which 
morphological characters, particularly plumage, appear to change within 
Zosteropidae has led to considerable taxonomic instability. From the few 
phylogenetic studies that have included sampling of African Zosteropidae, it is 
becoming increasing apparent that traditional taxonomic approaches have led 
to some poor taxonomic groupings. However, previous efforts to resolve the 
systematics of this group have been hindered by its broad distribution, which 
makes extensive sampling for fresh material extremely difficult. 
Methods: Using DNA extracted from museum material, this study greatly 
expands on the sampling of Chapter 2 providing unprecedented sampling of the 
African Zosteropidae system (inc. Arabian Peninsula, Gulf of Aden, Gulf of 
Guinea and Indian Ocean). Eight novel primer sets were designed to break 
down mitochondrial genes cytochrome b (Cyt b) and NADH dehydrogenase 
subunit III (ND3) into a series of smaller overlapping fragments that could be 
amplified using DNA obtained from museum material. This dataset was 
supplemented with sequence data for Cyt b and ND3 previously generated in 
Chapter 2. A comparatively smaller subset of sequences for the nuclear 
transforming growth factor-beta 2 (TGFß2) was also included. Phylogenetic 
analysis was performed using Bayesian Inference and a GMYC approach was 
used to examine the transition between Yule and coalescent processes across 
the tree.  
Results: The Bayesian topology generated from the concatenated Cyt b, 
ND3 and TGFß2 dataset is generally well supported, and is largely congruent 
with the mtDNA phylogeny produced in Chapter 2. Extensive sampling across 
Sub-Saharan Africa, the Indian Ocean region, the Arabian Peninsular and the 
Gulf of Guinea region has revealed that the Africa Zosteropidae complex is 
comprised of six major clades. Relationships within these six clades are well 
supported, although resolution of more broad-scale relationships between these 
clades is less clear. Within the African Zosteropidae system GMYC analysis 
provided strong support for 14 distinct evolutionary lineages. While genetic 
cluster probabilities (neutral coalescence and Yule diversification) were strongly 
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supported at the base of the tree and within some of the terminal taxa (P>0.80 
tips and P<0.15 base), branching relationships in much of the tree yielded 
intermediate probabilities between 0.5 and 0.3.  
Discussion: The use both archive and fresh material has enabled the 
largest genetic assessment of western Zosteropidae to date. This work provides 
the first comprehensive molecular framework of mainland African taxa and has 
enabled the assessment of current and previous taxonomic arrangement. The 
widespread non-monophyly of mainland African species renders the current 
taxonomic groupings invalid. GMYC analysis recovers 14 distinct evolutionary 
lineages within this group. However, further analysis using model-based 
species delimitation approaches is required to see whether these distinct 
lineages represent species or taxa at a different hierarchical level. 
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4.2. Introduction 
4.2.1. Species delimitation 
Defining species and estimating their phylogenetic relationships is a 
major aim of systematics and plays an important role in every field of biology 
(Agapow 2004; de Queiroz 2007; Wiens 2007). Species are the fundamental 
unit of evolutionary biology, and their delimitation can have broad implications 
ranging from biological conservation (Agapow 2004; Balakrishnan 2005) to 
comparative evolutionary analyses (Leaché and Fujita 2010; Hamilton et al. 
2011). While species discovery is fundamental to the basic understanding of 
biodiversity, progress in species delimitation methods have previously been 
hindered by issues regarding the concept of a species itself (de Queiroz 2007). 
In recent years discussion of species concepts has shifted from 
philosophical and conceptual questions to a more pragmatic approach (Wiens 
2007). This shift has come from recognising the distinction between what 
species are and the evidence used to recognise them (de Queiroz 2007). 
Speciation is a continuous process and the characteristics affected by this 
process are highly diverse. Disagreement between rival species concepts 
comes from the use of these characteristics as defining criteria (Agapow 2004). 
The problem lies in the fact that changes in these characteristics occur at 
different stages of speciation and thus these criteria often come into conflict 
(Wiens 2007). 
 The unified species concept identifies that all modern species definitions 
are variations on the same general lineage concept of a species, because the 
various alternative definitions equate species, either explicitly or implicitly, with 
separately evolving metapopulation lineages (de Queiroz 2007). By combining 
properties that previously created incompatibilities among alternative species 
concepts, the unified species concept provides various ‘operational criteria’ or 
lines of evidence that can be used in assessing lineage divergence (de Queiroz 
2007). While the ‘unified species concept’ will not resolve species delimitation in 
practice, it provides a unified context for understanding the relevance of 
integrating the various methods used in solving the problem of species 
delimitation.  
In practice, morphological and molecular approaches can be mutually 
informative and are often the most feasible (Wiens and Penkrot 2002; Wiens 
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2007). Genetic data is among the most common source of evidence used in 
delimiting species. However, it is only recently that general and objective 
methods for delimiting species using comparative phylogenetic data have been 
proposed (Wiens and Penkrot 2002; Pons et al. 2006; Knowles and Carstens 
2007; Barraclough et al. 2009; Monaghan et al. 2009; Carstens and Dewey 
2010; Leaché and Fujita 2010; Powell 2012).  
Model-based species delimitation approaches (Rach et al. 2008; 
Carstens and Dewey 2010; Leaché and Fujita 2010; Yang and Rannala 2010) 
can be particularly challenging in situations where hypothesised species 
boundaries are problematic. This is particularly evident for groups, such as 
African Zosteropidae, which lack a practical species-level taxonomic framework. 
In contrast, methods based on the general mixed Yule-coalescent (GMYC) 
model (Pons et al. 2006; Monaghan et al. 2009 Powell et al. 2012) are particular 
suitable where a priori specification of hypothesised species boundaries is 
inconvenient as they require no prior assumptions regarding the probable 
placement of species boundaries (Powell 2012). 
Developing from early comparisons of branching patterns contained 
within phylogenetic trees, GMYC models are a model-based likelihood 
approach that combines phylogenetics and coalescence theory. These 
approaches examine transitions in tree-branching patterns between long inter-
specific branches and short intra-specific branches (Pons et al. 2006), and have 
been used extensively to estimate species boundaries from DNA sequence 
data (Pons et al. 2006; Monaghan et al. 2009; Hamilton et al. 2011; Ceccarelli 
et al. 2012; Harrington and Near 2012; Powell 2012). In groups where an 
ambiguous taxonomic framework exists, GMYC approaches can be used to 
generate probabilistic taxonomic hypotheses, which can then be utilised to form 
a series of a priori hypotheses which can be tested using model-based species 
delimitation approaches (Powell 2011).  
 
4.2.2. Zosteropidae (white-eyes) 
The hyper-diverse avian family Zosteropidae (Aves: Passeriformes) is 
made up of small, gregarious, arboreal birds that exhibit remarkable uniformity 
in their morphological structure, plumage and behaviour (van Balen 2008). The 
genus Zosterops dominates within the family, including over 70% of all 
recognised species, and is notorious for the phenotypic uniformity that has 
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traditionally made designation of taxon boundaries within the family difficult. 
While members of this family are generally sedentary in nature, this group is 
best known for its exceptional colonisation abilities (Slikas et al. 2000; Warren 
et al. 2006; Phillimore et al. 2008; Moyle et al. 2009; Melo et al. 2011), which 
gives the family a wide distribution occupying the Afrotropics, southern and 
eastern Asia (from Indian subcontinent, through to Japan), Australasia and the 
tropical islands of the Indian Ocean, the western Pacific Ocean, and the Gulf of 
Guinea region.  
Resolving the systematics of this family is notoriously difficult, particularly 
at the species-level where broad geographic ranges and homogenous 
appearance complicate efforts to identify natural groupings (Moreau 1957; Mayr 
1965). Morphology and distribution have guided much of the current taxonomy, 
supported by facts regarding general behaviour, nesting, and vocalisations. 
However, despite extensive analyses by Moreau (1957) for western 
Zosteropidae, and Mayr (1965) and Mees (1957; 1961; 1969) for eastern 
Zosteropidae, the affinities of numerous taxa remain unresolved (van Balen 
2008).  
 
4.2.3. Taxonomic complexities 
Species delimitation in this group has relied heavily on fine morphological 
differences, particularly within the genus Zosterops (van Balen 2008). Structural 
variation across the range of the family is slight and characteristics such as 
body size and wing length can often be linked to abiotic variables such as 
attitude and temperature (Moreau 1957). Nevertheless, divergent phenotypes 
have been demonstrated in numerous insular taxa, which have been attributed 
to rapid morphological change associated with exploitation of novel habitats 
(Clegg et al. 2002; 2008; Phillimore et al. 2008; Milá et al. 2010). 
The use of plumage colouration as a taxonomic character has received 
considerable attention and has been used widely as a tool for facilitating 
taxonomic arrangements (Mees 1957; Moreau 1957; Mees 1961; 1969). While 
Zosteropidae possess relatively simple plumage patterns, the distribution and 
gradation of colouration between forms appears to change readily (van Balen, 
2008). The white eye-ring that is typical of Zosteropidae is highly exaggerated in 
some taxa (e.g. Z. poliogaster) and reduced or absent in others (e.g. 
Chlorocharis or Tephrozosterops). Within the genus Zosterops, several forms 
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have lost, or are in the process of losing, the typical yellow-green pigmentation 
and variation in belly colour is frequently observed (Mees 1957; Moreau 1957; 
Mees 1961; 1969).  
Despite the widespread use of plumage colouration as a taxonomic tool 
within Zosteropidae, it has long been recognised that variation in plumage 
colouration, both within and between populations, is complex (Mees 1957; 
Moreau 1957; Mees 1961; Mayr 1965; Mees 1969). Geographically disparate 
forms can often look very similar, while neighbouring taxa (which might be 
expected to be closely related) often show very different plumage patterns. This 
is aptly summed up by Mees (1961) who stated “I know of no other group of 
birds in which close relatives, may differ more from each other than do distantly 
related species”. The seemingly infinite number of groupings makes it 
practically impossible to confidently postulate relationships within this family 
based on plumage differences alone. Nevertheless, in many cases plumage 
variation has provided the primary characters for species delimitation (van 
Balen 2008).  
Although Zosteropidae members occupy a diverse range of habitats (e.g. 
remote island archipelagos, continental montane forests, arid lowland 
savannahs and semi-deserts), ecology has not proven to be a reliable guide to 
taxonomic relationships. For example, while several subspecies within Z. chloris 
(Lemon-bellied white-eye) are restricted to small coral islands in the Indo-
pacific, this species also occurs throughout the mainland of larger islands such 
as Sulawesi (van Balen 2008). The lack of concordance between ecology and 
systematics has also been noted in continental forms. The mtDNA phylogeny of 
chapter 2 demonstrates that the endemic populations of Z. poliogaster, which 
occupy isolated montane forest fragments in East Africa, are in many cases 
more closely related to taxa occupying arid lowland savannahs than they are to 
montane endemics that occupy neighbouring forest fragments.  
Investigation into the use of vocalisations for species delimitation has 
seen varying success. While calls appear to have little taxonomic significance 
(van Balen 2008), song is shown to be a more reliable character of relationships 
(Mayr 1965; Pratt et al. 1987; Fry et al. 2001; van Balen 2008) and has been 
used to split several species, including the Micronesian species Z. semperi and 
Z. hypolais (Pratt et al. 1987). In a more total evidence approach, Mayr (1965) 
suggested that song should be used in conjunction with other traits in an 
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attempt to provide a more robust taxonomic framework. However, while the 
potential use of song as a taxonomic character within Zosteropidae is well 
recognised (Moreau 1957; Mayr 1965; Pratt et al. 1987; Fry et al. 2001; van 
Balen 2008), the relative utility of song as a taxonomic character in 
Zosteropidae still remains poorly understood. 
 
4.2.4. African Zosteropidae  
Following the taxonomy of Dickinson (2003), Africa and its associated 
island systems (Gulf of Guinea and Indian Ocean) encompass 14 Zosterops 
species and four Speirops species. More than half the African Zosterops 
species are offshore island endemics with only four species restricted to 
mainland Africa (Dickinson 2003). Recent molecular work (Warren et al. 2006; 
Melo et al. 2011; Oatley et al. 2012) has highlighted significant problems in the 
current taxonomy of African Zosteropidae, indicated by the non-monophyly of 
many species. The systematics of Zosteropidae occurring in the Indian Ocean 
(Warren et al. 2006) and Gulf of Guinea (Melo et al. 2011) regions have 
benefited greatly from recent molecular insights, yet limited sampling across 
mainland Africa has hindered more broad scale assessments of species validity 
in mainland Africa. 
In his review of African Zosteropidae, Moreau (1957) recognised the 
taxonomic complexities of this group, which resulted in much uncertainty 
regarding taxonomic arrangements. Moreau (1957) identified that the features 
often used to determine relationships among African taxa may be problematic 
and advised others to ‘deal with current taxonomy with great caution’. In the 
past decade various forms have been switched across species complexes, 
however a definitive arrangement still appears to be elusive (van Balen 2008). 
 
4.2.5. Mainland African Zosteropidae 
Much of Sub-Saharan Africa is occupied by Z. senegalensis (Yellow 
white-eye); a yellow-bellied bird with a green back (Table 4.1), which has a 
broad range occupying a diverse range of habitats from acacia woodland to 
evergreen forest (Moreau 1957). There are currently fourteen recognised 
subspecies of Z. senegalensis (Dickinson 2003) that inter-grade widely across 
the species range (Moreau 1957; Clancey 1967). The nominate subspecies, Z. 
s senegalensis (Senegal to Northwest Ethiopia) intergrades with subspecies Z. 
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s. demeryi (Sierra Leone, Liberia, Ivory Coast), Z. s. stenocricotus (Bioko, 
southeast Nigeria to Gabon) and Z. s. stuhlmanni (East Zaire, South Uganda, 
Northwest Tanzania), while Z. s. quanzae (central Angola) intergrades with Z. s. 
kasaicus (Southwest Zaire, Northeast Angola), Z. s. heinrichi (Northwest 
Angola) and Z. s. anderssoni (South Angola, Southeast Zaire and West 
Mozambique to North Namibia, Zimbabwe and East Transvaal).  
In the past Z. s. gerhardi (South Sudan and Northeast Uganda) and Z. s. 
jacksoni (western Kenya, northern Tanzania) have been included in the Z. 
poliogaster species complex (van den Elzen and König 1983), but as a result of 
their resemblance to demeryi, stuhlmanni and stierlingi were later placed in Z. 
senegalensis (Fry et al 2001). Alternatively, Z. s. stenocricotus has been put 
forward as a candidate for full species status, in recognition of differences in 
song, with respect to other Z. senegalensis subspecies (Fry et al 2001),  
In the molecular phylogeny of chapter 2, the five Z. senegalensis 
subspecies sampled are recovered into independent lineages rendering Z. 
senegalensis an invalid species. Nevertheless, a more broad scale phylogenetic 
assessment including denser sampling across the range of Z. senegalensis is 
needed to adequately resolve the taxonomic status of this group.  
In the lowlands of the dry Northeast, Z. senegalensis is replaced by Z. 
abyssinicus (White-breasted white-eye) that has a duller green back and locally 
can have either a yellowish or whitish belly (Table 4.1). This species is confined 
to lowland (<1000m) scrubland or semi-desert habitat of Northeast Africa but is 
also found outside mainland Africa on the island of Socotra in the Gulf of Aden 
and also in the southern tip of the Arabian peninsula (Moreau 1957). There are 
currently six recognised subspecies of Z. abyssinicus (Dickinson 2003), 
although some authors argue that this group represents two separate species 
based on belly colour (one white or pale-bellied - Z. abyssinicus; and the other 
yellow-bellied - Z. smithi; Sclater 1930). 
Phenotypic variation in the white or pale-bellied forms has led to the 
recognition of four subspecies: Z. a. abyssinicus (Northeast Sudan, Eritrea and 
North and central Ethiopia), Z. a. omoensis (Ethiopia, Lake Tana to the Omo 
Valley), Z. a. arabs (Arabia), and Z. a. socotranus (Socotra and northern 
Somalia), while yellow-bellied Z. abyssinicus forms have been further 
subdivided into two subspecies: Z. a. flavilateralis (southern Kenya to northern 
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Tanzania) and Z. a. jubaensis (southern Ethiopia and southern Somalia to 
northern Kenya). 
The molecular phylogeny of chapter 2 identified Z. abyssinicus as a non-
monophyletic taxon, recovering yellow-bellied Z. a. flavilateralis and Z. a. 
jubaensis as distinct from insular members of Z. a. socotranus (white-bellied). 
At presence, there is no molecular assessment of Z. abyssinicus subspecies 
from Ethiopia and the Arabian Peninsula and therefore very little is known 
regarding the phylogenetic placement of other Z. abyssinicus forms (Z. a. 
omoensis, Z. a. arabs and mainland Z. a. socotranus) relative to the two 
lineages identified in chapter 2.  
Much of southern Africa (southern Namibia, southern Botswana, South 
Africa and southern Mozambique) is occupied by Z. pallidus (Cape white-eye). 
This species is generally much duller in colouration, relative to other Africa 
Zosterops, but exhibits significant variation in belly colouration (Table 4.1). 
Members of Z. pallidus fall into three well-marked phenotypic groupings (Oatley 
et al. 2011) that have historically been considered as separate species (Gill 
1936). The nominate subspecies, Z. p. pallidus, is white on the belly grading to 
buff laterally, Z. p. capensis is light grey on the belly darkening laterally while Z. 
p. virens is yellow on the belly grading to olive laterally (Table 4.1). Marked 
variation exists within these broad groupings, which has led to the recognition of 
additional sub-specific forms Z. p. atmorii, Z. p. sundevalli, and Z. p. caniviridis 
(Dickinson 2003).  
In his taxonomic revision of African Zosterops, Moreau (1957) arrived at 
the tentative conclusion that both pallidus and sundevalli formed a monotypic 
species, differing both vocally and in plumage from other Zosterops (Fry et al. 
2001). In contrast, evidence of interbreeding between capensis and atmorii in 
upland West Natal and South East Orange-Free State led Moreau (1957) to 
challenge the species rank of Z. capensis and Z. virens. Consequently, the 
white or buff bellied races; pallidus and sundevalli from the western part of the 
range (Namibia and central South Africa) were combined under the name Z. 
pallidus, while the grey and green bellied races; capensis, virens and atmorii, 
occupying the central and eastern part of the range (southwest South Africa to 
southwest Mozambique) became subspecies of Z. virens. Shortly after, Clancey 
(1967) reviewed all southern African Zosterops and identified several areas 
where Z. pallidus intergraded freely with Z. virens. As a result the two species 
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recognised by Moreau (1957) are now treated as a single species under the 
earliest name Z. pallidus (Dickinson 2003).  
The arrangement of this group remains heavily contested (Hockey et al. 
2005; van Balen 2008; Oatley, 2011) and has driven recent molecular 
investigation into the relationships of southern African Zosterops (Oatley et al. 
2012). The molecular phylogeny of Oatley et al. (2012) included three of the six 
Z. pallidus subspecies (Z. pallidus, Z. capensis and Z. virens), and recovers the 
nominate subspecies Z. p. pallidus as distinct from Z. p. virens and Z. p. 
capensis. Genetic analyses confirmed hybridisation in areas of sympatry, which 
is concordant with the presence of intermediate phenotypes. However, in 
contrast to previous studies that lumped taxa based on the presence of hybrids, 
Oatley et al. (2012) interprets hybridisation as evidence of habitat type (and 
associated climatic conditions) driving diversification in southern African 
Zosterops. 
The most complex geographic situation exists in northeast Africa where, 
from the mountains of Ethiopia through the Kenyan Highlands (east of the Rift 
Valley) and down to several isolated mountains in southern Kenya and northern 
Tanzania are occupied by members of the Z. poliogaster species complex. 
These comparatively large birds with rich green backs, yellow or grey bellies 
and some with very broad white-eye rings and bright golden feathers (Table 
4.1) are endemic to montane forest habitat and are ecologically segregated 
from neighbouring Z. senegalensis or Z. abyssinicus (Hall and Moreau 1970).  
The current taxonomic treatment regards these non-intergrading 
montane populations as eight subspecies of a wider species complex, under the 
oldest name poliogaster (Dickinson 2003). However, given the presence of 
highland Z. senegalensis (Z. s. jacksoni) in northern Kenya, Moreau (1957) 
previously chose to treat the montane populations of northeast Africa as 
conspecific with Z. senegalensis. More recently, some authors have argued to 
split this group into several species (Collar et al 1994; BirdLife International. 
(2000); Borghesio and Laiolo 2004) on the bases of vocal differences and 
ecology. However plumage variation within this group was not considered 
sufficient to warrant species status (David and Gosselin 2002).  
Chapter 2 included extensive sampling for five of the eight currently 
described Z. poliogaster subspecies. Results confirmed the non-monophyly of 
Z. poliogaster, but provided strong support for the monophyly of individual 
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subspecies. Results were interpreted to suggest that the various non-
intergrading montane populations should be considered as independent 
taxonomic units rather than intra-specific taxa. However, it was acknowledged 
that further investigation using species delimitation methods would be required 
to adequately resolve taxonomic boundaries.  
From the few phylogenetic studies that have included sampling of African 
Zosterops (Warren et al. 2006; Moyle et al. 2009; Melo et al. 2011; Oatley et al. 
2012; Chapter 2) it is clear that traditional taxonomic approaches have led to 
some poor taxonomic grouping. Denser sampling of Zosterops across 
continental Africa will be necessary to determine a more comprehensive 
systematic framework, which should then provide the basis for a complete 
systematic review of all mainland African taxa. 
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4.3. Aims  
The African Zosteropidae system illustrates the trends and complexities 
of both continental and island species within the family. While recent molecular 
studies are starting to uncover genetic relationships, to date a lack of sampling 
has hindered resolution of broad scale relationships within mainland Africa. 
Furthermore, while recent molecular insights have highlighted taxonomic 
conflicts, there have been no attempts to test the validity of old or newly formed 
taxonomic arrangements using quantitative species delimitation methods. Using 
a combination of fresh and archive samples that give an exceptional coverage 
of Zosteropidae diversity across mainland Africa and its associated island 
systems, this chapter aims to generate a robust and comprehensive molecular 
phylogeny for African Zosteropidae. Using a GMYC approach with multi-model 
inference and model averaging, this study aims to use the topology generated 
to make predictions regarding the probable placement of species boundaries in 
this poorly understood group.  
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4.4. Materials and methods 
4.4.1. Museum collections 
Documenting avian diversity and distribution has been fundamental in 
driving the expanse and maintenance of ornithological collections. For decades 
these collections have served as an invaluable multi-dimensional resource for 
research and education providing ecological, morphological and biogeographic 
data (Winker 2005; Wandeler et al. 2007). Since the advent of PCR 
(Polymerase chain reactions) based methods, developments in molecular 
techniques have led to an increased interest in museum collections as a source 
of genetic material (Graves and Braun 1992; Mundy et al. 1997; Moum 2002; de 
Moraes-Barros and Morgante 2007; Lee and Prys-Jones 2008; Töpfer et al. 
2011). The use of biological collections over fresh samples not only avoids 
costly fieldwork but also enables researchers to include taxa that are rare 
and/or extinct (Moum 2002) or difficult to obtain due to either the inaccessibility 
of habitat or political instability within countries of interest.  
Advancements in PCR based techniques have allowed for the extraction 
and amplification of DNA from poor quality sources including; dried skins (de 
Moraes-Barros and Morgante 2007; Töpfer et al. 2011), toe pads (Mundy et al. 
1997), eggs (Lee and Prys-Jones 2008) and feathers (Sefc et al. 2003). It 
should be noted however, that although DNA is a chemically stable molecule, 
DNA from museum specimens (‘archive DNA’) is subject to DNA degradation 
(Mandrioli et al. 2006; Rohland and Hofreiter 2007). Consequently, DNA 
isolated from museum material is typically present in low amounts, heavily 
fragmented, chemically modified and contaminated with environmental DNA 
(Rohland and Hofreiter 2007; Zimmermann et al. 2008; Töpfer et al. 2011). In 
spite of the apparent difficulties of working with archive DNA, museum material 
has been used extensively to address a wide range of biological questions in 
Aves, from species verification (Norman et al. 1998; Irwin et al. 2001; Hennache 
et al. 2003), to broad systematic relationships (Irestedt et al. 2006; Slikas 2002). 
 
4.4.2. Taxon sampling  
A total of 74 museum specimens (Natural History Museum, Tring), 115 
blood sample sequences (Chapter 2) and 79 NCBI sequences (obtained from 
National Centre for Biotechnology Information) were obtained for this study, 
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representing 25 species and 53 subspecies (Appendix III). In an attempt to 
sample the breadth of African Zosterops distribution and phylogenetic diversity, 
attempts were made to obtain three individuals per subspecies for all mainland 
African forms. Where possible, attempts were made to obtain samples that 
cover the geographical and phenotypic range of each subspecies (rather than 
the ‘type’ locality). Samples were preferentially taken based on their localities 
(Fig. 4.1), therefore specimens that had poor or ambiguous locality data were 
not used. In cases were the museum collection contained a few specimens of a 
particular subspecies (e.g. Z. senegalensis tongensis) only one specimen was 
used in order to minimise damage to the collection. This sample was selected 
based on the proximity to the ‘type’ locality.  
It was not always possible to obtain multiple samples for all subspecies 
and as a result this study only obtained limited sampling (≤ 2) for Z. abyssinicus 
arabs (n=2), Z pallidus caniviridis (n=1), Z. senegalensis reichenowi (n=2), Z. s. 
quanzae (n=1) and Z. senegalensis tongensis (n=2). Museum specimen 
collection dates ranged from 1899 to 1982. The age and locality of specimens 
can be found in Appendix III. 
Blood samples were obtained from numerous research groups that have 
collected in Africa and its associated island systems over the last decade. Blood 
samples were taken from mist-netted specimens and were typically stored in 
ETOH (99%) or Queen’s lysis buffer. Sampling localities are listed in Appendix 
III. A further 79 sequences were obtained from the NCBI database giving 
coverage of principle lineages in the Indian Ocean and Gulf of Guinea island 
system, in addition to out-group sampling of Asian and Indo-Pacific member of 
the genus Zosterops.  
Given inconsistencies between the primers and target genes used in 
previous molecular studies of Zosteropidae, taxa whose sequence data was 
obtained from NCBI often had significant sampling gaps when compared to 
sequence data that was generated using the primers designed in this study. 
Where possible, for each putative species, sequences for multiple individuals 
from various past studies were obtained in an attempt to cover the breath of 
sequences data targeted in this study.  
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Figure 4.1: Distribution of mainland African Zosteropidae with sampling localities. Image 
modified from www.googlemaps.com.  
 
4.4.3. Molecular markers 
Mitochondrial genes have long served as the preferred marker for 
phylogeographic and species-level phylogenetic analyses of young systems 
(Moritz et al. 1987; Herbert et al. 2003; Ballard and Whitlock 2004; Brito and 
Edwards 2008). Their use has been recommended in taxonomic studies, with 
the proposal that all described species are given a mitochondrial DNA (mtDNA) 
sequence tag or bar-code (Hebert et al. 2003). MtDNA sequences have a 
comparatively higher evolutionary rate and smaller effective population size 
when compared to the nuclear DNA sequences (ncDNA) (Ballard and Whitlock 
2004). Consequently, utilising mtDNA genes increases the chance of recovering 
relationships and patterns of divergence without an extensive sequencing effort.  
In contrast, the use of ncDNA genes often requires researchers to 
develop primers for multiple genes and sequences across the taxonomic range 
of the focus group to identify markers with an appropriate evolutionary rate. 
MtDNA can also be easily amplified across a variety of taxa often making it an 
attractive marker in more broad-scale taxonomic studies (Brito and Edwards 
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2008). Conversely, efforts to develop and amplify ncDNA markers often involve 
extensive refinement of primers between taxa that can substantially increase 
project start-up times and costs.  
While mtDNA is a very useful marker, its use is not without complication. 
It should be recognised that should male and female history differ in a species, 
then the use of mtDNA genes as markers fails to reflect the history of the 
species as a whole (Ballard and Whitlock 2004). There have also been 
technical issues arising from the presence of nuclear integrations of mtDNA 
(numts) (Bensasson et al. 2001). In a more total evidence approach, recent 
years have seen an increasing tendency to include ncDNA when generating 
species-level phylogenies (García-Moreno et al. 2003; Beltrán et al. 2007; 
Alfaro et al. 2008; Hugall et al. 2008). However as seen in Chapter 2, the 
comparatively lower rate of evolution of ncDNA genes can often limit the 
usefulness of ncDNA sequence data, with minimal sequence variability between 
taxa limiting phylogenetic signal.  
Available nuclear markers that allow divergence, coalescence, or gene-
tree issues to be addressed within Zosteropidae are limited and the degraded 
nature of ‘archive DNA’ means that extensive screening for alternative ncDNA 
sequence markers is beyond the scope of this project. A previous investigation 
into the potential use of nuclear transforming growth factor-beta 2 (TGFß2) 
gene revealed it to be of little use at lower taxonomic levels, with results 
indicating minimal sequence variability between taxa (Chapter 2). Nevertheless, 
this marker has been useful in assessing more broad-scale relationships with 
Zosteropidae (Moyle et al. 2009) and therefore may provide resolution of 
relationships between more divergent taxa. Sequences data for the mtDNA 
genes cytochrome b (Cyt b) and NADH dehydrogenase subunit III (ND3) has 
been generated for all samples used in this study. This mtDNA dataset is 
supplemented with sequence data for ncDNA gene TGFß2, which has been 
compiled for a subset of samples from sequenced data generated in chapter 2 
in addition to sequence data available on the NCBI database.  
 
4.4.4. Primer design  
‘Archive DNA’ imposes great difficulties for the retrieval of large amounts 
of sequence data. The degraded nature of museum extracts means that PCR-
based amplification is confined to comparatively short fragments of DNA, rarely 
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exceeding a couple hundred base pairs (Mundy and Woodruff 1997; Sefc et al. 
2003; Irestedt et al. 2006; Rohland and Hofreiter 2007; Bantock et al. 2008; Lee 
and Prys-Jones 2008). Amplifying and sequencing DNA from museum samples 
required a series of new primers to be designed. In an attempt to obtain greater 
amounts of sequence data, eight primer sets were designed to break down the 
Cyt b and ND3 genes into a series of smaller overlapping fragments (150 – 250 
bp) (Fig. 4.2). 
The effectiveness and sensitivity of PCR largely depends on the 
efficiency of the primers (Dieffenbach et al. 1993). To generate primers with 
high specificity and a sufficiently high melting temperature (Tm, 57-62°C), 
optimal length for primer design was set between 17-28 bp. Where possible 
attempts were made to design primers with a 40-60% GC content with several 
G or C bases at the 3’ end (GC clamp). The stronger hydrogen bonding of G 
and C with respect to A and T bases helps promote correct binding at the 3’ end 
and results in more efficient priming (Dieffenbach et al. 1993). 
	  
 
Figure 4.2 Series of overlapping fragments and associated primers that allow to for the 
amplification of the two mitochondrial genes Cyt b and ND3 genes from museum material.  
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The primer-designing program Primer 3 version 0.4 was used to check primer 
melting temperature (Tm), GC content and the presence of palindromes 
(sequence regions that may be read the same way in either direction), and 
hairpin loop structures (structures formed by the complementary binding of 
regions along a primer sequence). Palindromic and self-complementary regions 
in primer sequences can cause “primer dimers” to form, where the primer 
anneals with itself (homodimers) or other primers (heterodrimers) (Dieffenbach 
et al. 1993; Singh et al 2000). The generation of spurious products uses up 
reagents within the reaction mix which leads to a decrease in amplification 
efficiency and thus amplification yield. To guard against mispriming, the 
program Primer3-BLAST was used to test for significant homology between 
candidate primers and non-target regions. Primer sequences used in this study 
are listed in Table 4.2 and their locations in the gene regions are shown in Fig. 
4.2 
 
4.4.5. Tissue sampling  
For the purpose of DNA analysis, the majority of preserved avian 
specimens are sampled by partially cutting off toe-pads (Mundy et al. 1997). 
While toe-pad sampling causes a degree of structural loss, especially in small 
birds (Payne and Sorenson 2002; Mann 2007), PCR success has proven to be 
significantly better with DNA from toe-pads compared to body skin and feathers 
(Mundy et al. 1997; Töpfer et al. 2011). Specimen preservation has included the 
use of a variety of chemical reagents (e.g. arsenic), which are thought to 
increase DNA degradation (Töpfer et al. 2011) and act as inhibitors in PCR 
reactions (Mundy et al. 1997). During preparation of museum skins the feet of 
birds are not always chemically treated, therefore tissue samples from the feet, 
often provide higher yields of DNA and exhibit lower levels of degradation when 
compared to other sampling areas (body skin and feathers) (Mundy et al. 1997; 
Töpfer et al. 2011). 
In order to minimise damage to the collection, this study used a small 
tissue sample from the proximal phalanx (large pad) on the hind digit as the 
source for DNA extraction (Fig. 4.3), which is shown to contain minimal 
taxonomic characters (Mundy et al. 1997; Mann 2007). Tissue samples were 
taken from each specimen using sterile scalpels and forceps. Specimens were 
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sampled individually on a clean sheet of paper. The paper and equipment were 
exchanged between specimens. 
	  
 
Figure 4.3. Sampling of museum specimens. A: proximal phalanx of specimen prior to 
sampling B: Damage to specimen after removal of the proximal phalanx. 
 
4.4.6. DNA extraction  
Prior to DNA extraction, dried toe-pad samples were soaked in ddH2O for 
30 minutes to re-hydrate. Whole genomic DNA was extracted from tissue 
samples using the QIAamp DNA Micro kit (Qiagen) that has been optimised for 
purifying DNA from very small and/or degraded samples. Adjustments to 
standard protocol included the addition of 20µl DTT (DL-Dithiothreitol) during 
tissue lysis. DTT is used to stabilise enzymes and aids the breakdown of 
disulfide bonds. This makes the digestion of proteins more efficient and speeds 
up digestion time (Nagai et al. 1998). Two additional incubation steps were also 
included. Following the addition of buffer AL, lysates (digested products) were 
incubated at 72°C for 10 minutes to ensure optimal binding of DNA to the spin 
column membrane. Prior to elution of DNA, buffer AE was added to spin 
columns and incubated at room temperature for 15 minutes. This ensured that 
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the elution buffer was fully absorbed into the silica-gel membrane, ensuring the 
highest possible yields of DNA. The extractions and amplification reactions 
were performed in rooms dedicated to working with old material (sterile 
environment free of DNA), with appropriate facilities such as a UV-bench used 
for sterilising equipment.  
 
4.4.7. Generation of mitochondrial sequence data 
PCR amplifications were performed using puReTaq Ready-To-Go PCR 
Beads (GE Healthcare). Beads contain buffers, dNTPs, enzyme, stabilisers, 
and BSA, all of which had been pre-treated to minimise contamination. Single 
beads were combined with 21µl ddH2O, 0.5µl of each primer (10mM) and 3µl of 
template DNA giving a final reaction volume of 25µl. A hot-start touchdown PCR 
approach was used, where annealing temperatures for the first cycles were 
generally 1–2 °C below the Tm of primers. Given that primers were designed to 
have similar Tm’s, all reactions were run under the same thermal cycling 
conditions. This program started with an initial denaturation at 95°C for 4 
minutes, followed by six cycles of 95°C for 30 seconds, 58-53°C for 30 seconds 
and 72°C for 30 seconds, where the annealing temperature was lowered to 
53°C in two-cycle increments. A further 34 cycles consisting of 95°C for 30 
seconds, 51°C for 30 seconds and 72°C for 30 seconds were performed, 
followed by a final extension at 72°C for 9 minutes. PCR products were 
electrophoresed on a 1.5% agarose gel and visualised under ultra-violet light.  
Purification of amplified PCR products was performed using an ExoSAP-
IT PCR Clean-up (GE Healthcare). ExoSAP-IT (5µl) was added directly to PCR 
products and incubated at 37°C for 30 minutes. Inactivation of ExoSAP-IT 
enzymes was performed by heating to 80°C for 15 minutes. Cycle sequencing 
reactions were performed in 20µl volumes using 1µl BigDyeTM Terminator (PE 
Applied Biosystems), 4µl ABI sequencing buffer, 1µl primer (1.6µM), 2µl of the 
purified PCR product and 12µl of ddH2O. Cycle sequencing reactions consisted 
of an initial denaturation at 96°C for 1 minute, followed by 25 cycles of 95°C for 
30 seconds, 50°C for 15 seconds and 60°C for 4 minutes. Cycle sequencing 
products were purified using a DyeEX 96 kit cleanup (Qiagen) following 
standard protocols. To ensure the accuracy of amplification of the ND3 and Cyt 
b genes, both the heavy and light strands were sequenced using an ABI 3730 
DNA analyser (Applied Biosystems). 
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4.4.8. Sequences and alignment  
For each individual, multiple sequences were obtained as a result of 
sequencing with several different primers. Valid sequences were considered to 
be clear DNA sequence reads, with no specimen ambiguities that could be 
aligned with control DNA sequences. The program Sequencher version 4.8 was 
used to check chromatograms for each primer pair before producing contigs of 
complementary fragments. To ensure that amplified fragments represented 
target regions and not nuclear copies of mitochondrial genes (numts), contig’s 
were checked to ensure that they contained no gaps, insertions or deletions. In 
addition, sequences were translated into amino acids using the vertebrate 
mitochondrial translation table in MacClade version 4.08a to check they 
contained no stop codons. These sequences were then assembled to produce 
two consensus mtDNA gene sequences (ND3 and Cyt b) for each individual. 
Consensus sequences were aligned in Clustal W version 1.83 using default 
parameters with the resulting alignment checked by eye in the program SE-AL 
version 2.0.  
 
4.4.9. Phylogenetic analysis 
Variation in base composition for both genes was assessed using the X2 
test of homogeneity, implemented in PAUP (Swofford 2003). To account for 
differences in evolutionary processes experienced by the different sites in the 
alignment, PartitionFinder version 1.0 (Lanfear et al. 2012) was used to select 
the best-fit partitioning scheme and models of molecular evolution across all 
possible partitioning strategies. Branch lengths were estimated independently 
for each partition (unlinked). Model selection was limited to those available in 
MrBayes and the best scheme was calculated according to the Greedy 
algorithm using the Alkaike Information Criterion (AIC). Splitting the third codon 
for Cyt b and ND3 from all other sites was recovered as the best partitioning 
strategy and the GTR+I+G model was selected as the best model of sequence 
evolution across all partitions.  
Bayesian analysis was conducted using MrBayes 3.1 (Huelsenbeck and 
Ronquist 2003) as implemented in the CIPRES portal using the models of 
evolution and partitioning strategies recommended by PartionFinder version 
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1.0. Base frequencies were estimated and evolutionary rates were allowed to 
vary across partitions under a dirichlet prior. Eight simultaneous Metropolis-
coupled Markov Chain Monte Carlo (MCMCMC) chains were run for five million 
generations, starting from random trees, sampling every 100 generations with a 
heating parameter of 0.4. Stationarity of the Markov process was evaluated 
using average split frequencies (<0.05) and convergence of MCMC chains was 
assessed graphically in the program TRACER version 1.4.1 (Drummond and 
Rambaut 2007). A burn-in of 25% was applied, with the final tree constructed 
from 37500 post burn-in trees. Support is assessed using Bayesian posterior 
probabilities (BPP). 
 
4.4.10. Generating an ultra-metric tree 
Coalescent analysis requires an ultrametric tree, which has equal root-to-
tip path lengths for all lineages. In this study an ultrametric tree was generated 
from the concatenated dataset using Bayesian methods implemented in the 
program BEAST version 1.48 (Drummond and Rambaut 2007). A log-likelihood 
ratio test implemented in PAUP* version 4.0b10 failed to reject the null 
hypothesis of rate constancy, resulting in enforcement of the molecular clock.  
Starting from the BI tree, two independent Markov Chain Monte Carlo 
(MCMC) analyses were run for 2,000 000 generations, using a constant rate 
Yule speciation prior (assumes a constant speciation rate per lineage). 
Analyses were run using the GTR+I+G model of molecular evolution where the 
number of gamma categories was set to 6. Trees and corresponding 
parameters were sampled every 1,000 generations with a burn-in of 10%. 
Convergence of the two independent MCMC runs was assessed graphically in 
TRACER version 1.4.1 (Drummond and Rambaut 2007). A consensus tree was 
obtained from the post burn-in tree sample (rejecting the first 10%) using TREE 
ANNOTATOR version 1.4.8 (Drummond and Rambaut 2007). The posterior 
probability threshold was set to 0.5, the target tree type was set to maximum 
clade credibility, and the heights of the nodes were retained.  
 
4.4.11. General mixed Yule-coalescent (GMYC): Multi-model inference and 
model averaging approach 
GMYC analyses attempt to measure the degree of genetic clustering with 
the goal of delimiting independent evolutionary clusters, which can be used to 
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infer species boundaries (Powell et al. 2011). By estimating lineage birth rates 
associated with speciation events (Yule diversification) and coalescent 
processes within the tree, the GMYC method calculates the likelihood of 
speciation-coalescent transitions at each node within the phylogeny (Pons et al. 
2006). The recently modified method of Powell et al. (2011) accounts for model 
uncertainty by using multi-model inference and model averaging based on 
information-theoretic approaches. This approach assigns weights and ranks to 
models based on their contribution to the estimation of parameters and their 
ability to account for variation in the data. Unlike the single and multiple 
threshold approaches, this method uses model averaging to estimate transition 
boundaries for each node and provides confidence estimates associated with 
these boundaries. GYMC analysis was run on the ultrametric tree that was 
generated in BEAST, using the SPLITS package (available from http://r-forge.r-
project.org/projects/splits/) in the program R 2.10.1 (R Core Development 
Team, 2009). The multi-model inference and model averaging approach utilised 
the modified GMYC source code of Powell et al. (2011).  
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4.5. Results  
4.5.1. Sequence data 
A total of 74 specimens were extracted, resulting in 592 amplification 
reactions being sequenced. No amplification of non-target DNA (i.e. bacteria) 
was detected, although several sequence reads were very short or messy. 
Several of these sequences were consistent with certain toe-pad samples and 
were interpreted as sequence reads from severely degraded DNA and rejected 
from further analysis. The remaining 420 sequenced fragments, representing 64 
individuals (86% of specimens sampled), were concatenated to produce full 
sequence reads for each target gene. Primer fidelity across taxa was not always 
consistent. Consequently, the concatenated gene sequences for some 
specimens have gaps or slightly truncated sequence lengths (Appendix III). The 
museum specimen dataset was supplemented with sequence data for 115 
individuals whose DNA was previously obtained from blood samples extracted 
in Chapter 2, in addition to 39 individuals whose sequence data was obtained 
from the NCBI database. In total, sequence data was obtained for 218 
individuals providing a 2056 base pairs (bp) dataset (TGFß2- 25 individuals 
(582bp); ND3- 214 individuals (347bp); Cyt b- 207 individuals (1115bp)). 
 
4.5.2. Phylogenetic analysis 
The Bayesian topology generated from the concatenated Cyt b, ND3 and 
TGFß2 dataset is generally well supported, and is largely congruent with the 
mtDNA phylogeny produced in Chapter 2. Extensive sampling across Sub-
Saharan Africa, Indian Ocean region, southern Arabian Peninsular and the Gulf 
of Guinea region has revealed that the Africa Zosteropidae complex is 
comprised of six major clades (Fig. 4.4; clades A – F). However, while there is 
good support for relationships within these six clades, resolution of more broad 
scale relationships between these clades, specifically between clades C, D, E 
and F, is poorly.  
Members of Z. abyssinicus form three independently well-supported 
clades that are polyphyletic with respect to each other. Four of the six currently 
recognised subspecies form clade D (BPP=1.00). This clade contains the 
nominate subspecies Z. a. abyssinicus that is distributed throughout north-
eastern Sudan, Eritrea and northern and central Ethiopia, insular Z. a. 
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socotranus from the island of Socotra in the Gulf of Aden, Z. a. omoensis 
occurring in western Ethiopia and Z. a. arabs that is found throughout the 
southern tip of the Arabian peninsula (Saudi Arabia, Yemen and southern 
Oman).  
Within Clade D the nominate subspecies Z. a. abyssinicus is non-
monophyletic. Sample BMNH 1952 32 3 from Eritrea is recovered at the base of 
clade D (BPP=1.00), while samples BMNH 1927 11 5 577 and BMNH 1915 12 
24 1198 from Ethiopia and Sudan respectively form a clade with Z. a. arabs 
(BPP=0.98). The monophyly of subspecies Z. a. omoensis and Z. a. arabs is 
well supported (BPP=1.00 and 0.99, respectively), with results placing Z. a. 
omoensis as sister to the clade containing Z. a. arabs and Z. a. abyssinicus 
(BPP=1.00).  
There is strong support for the division of insular members of Z. a. 
socotranus from the clade containing Z. a. omoensis, Z. a. arabs and Z. a. 
abyssinicus (BPP=0.99), however mainland members of Z. a. socotranus 
(northern Somalia) fall outside clade D, rendering this subspecies non-
monophyletic. Two samples of mainland Z. a. socotranus from northern Somalia 
forms clade B (BPP=1.00), which nests between the AIO Zosterops (clade A) 
and all other major African lineages (BPP=0.60). The two remaining Z. 
abyssinicus subspecies, Z. a. jubaensis and Z. a. flavilateralis, that have a 
parapatric distribution throughout East Africa (Ethiopia, Kenya and Tanzania) 
are recovered as a monophyletic group (BPP=0.99) within clade E, with no 
support for any division between these two ‘subspecies’. 
All Z. pallidus samples are recovered into two independent clades within 
the major clade E. Results demonstrate maximum support (BPP=1.00) for a 
clade containing samples of Z. p. pallidus and Z. p. sundevalli that are found 
throughout Namibia, western and central South Africa. Resolution of branching 
patterns within this clade is generally poor and there is no support for division of 
the two subspecies. The remaining Z. pallidus subspecies (Z. p. capensis, Z. p. 
atmorii, Z. p. virens and Z. p. caniviridis) that have a broad distribution 
throughout southeast Africa, (South Africa, Botswana and Mozambique) form a 
single clade that includes three samples of Z. senegalensis sampled from 
different southern African localities (BPP=0.78). Resolution of relationships 
within this clade is poor, and there is no support for the monophyly of sub-
species. 
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Widespread sampling for members of Z. senegalensis confirms the 
polyphyletic nature of this species, with members found in two of the six major 
clades (E and F). Within clade E, resolution of relationships between members 
of Z. senegalensis, those distributions is throughout southern Africa (Z. s. 
quanzae, Z. p. kasaicus, Z. p. heinrichi and Z. p. anderssoni), is generally poor. 
Analysis supports a close relationship between southern African Z. 
senegalensis and members of Z. pallidus (Oatley et al. 2012), with two Z. 
senegalensis clades recovered as sister to a clade containing Z. pallidus and Z. 
senegalensis. However, analysis fails to resolve branching patterns between 
the three clades and thus relationships between these southern African forms 
remains ambiguous. 
Within major clade F, members of Z. senegalensis form three 
independently well-supported clades. Samples of Z. s. stenocricotus from Mt 
Cameroon in West Africa receive maximum clade support (BPP=1.00) and are 
recovered as sister to S. brunneus from the island of Bioko in the Gulf of Guinea 
(BPP=0.98). The second clade contains an assemblage of central African Z. 
senegalensis (DRC, Uganda and Tanzania). This clade includes: Z. s. 
reichenowi from eastern DRC; Z. s. toroensis from northeast DRC and western 
Uganda; Z. s. stuhlmanni, that has a distribution from southern and central 
Uganda towards Tanzania; and Z. senegalensis samples from the DRC (not 
identified to the sub-specific level).  
This central African Z. senegalensis clade is strongly supported 
(BPP=1.00) and contains a significant degree of genetic structure. While the 
independent monophyly of subspecies Z. s. toroensis and Z. s. reichenowi is 
strongly supported (BBP=1.00, BBP=1.00), the subspecies Z. s. stuhlmanni is 
recovered as non-monophyletic. Sample BMNH 1934 1 17 27 from central 
Uganda recovered as sister to two Z. s. reichenowi samples (BPP = 0.99), while 
samples BMNH 1913 7 16 140 and NRM 552125 from western Uganda and 
northern Tanzania respectively, form a clade with the three Z. senegalensis 
samples from the DRC (BPP=0.99). Analysis recovers Z. s. toroensis as sister 
to a clade containing Z. s. stuhlmanni and Z. senegalensis, although support for 
this relationship is poor (BPP = 0.50). 
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Z.erythropleurus GLGS1443  
Z.montanus whiteheadi O2655 
Z.olivaceus chloronothos BWM28
Z.abyssinicus jubaensis T77
Z.abyssinicus jubaensis BMNH 1946 5 2722
Z.poliogaster kulalensis 2MK5
Z.poliogaster kulalensis 2MK6
Z.senegalensis jacksoni ZMUC 146780
Z.senegalensis jacksoni ZMUC 146786
Z.senegalensis jacksoni T41
Z.senegalensis jacksoni ZMUC 131317
Z.senegalensis jacksoni T50
Z.senegalensis jacksoni ZMUC 146784
Z.senegalensis jacksoni T49
Z.senegalensis jacksoni T54
Z.senegalensis jacksoni BLS06
Z.senegalensis jacksoni ZMUC 131325
Z.senegalensis jacksoni ZMUC 131324
Z.senegalensis jacksoni ZMUC 131331
Z.senegalensis jacksoni BLS81
Z.senegalensis jacksoni BLS77
Z.senegalensis jacksoni BLS65
Z.senegalensis jacksoni BLS35
Z.abyssinicus abyssinicus BMNH 1952 32 3
Z.abyssinicus abyssinicus BMNH 1927 11 5 577
Z.abyssinicus abyssinicus BMNH 1915 12 24 1198
Z.abyssinicus arabs BMNH 1913 7 18 44
Z.abyssinicus arabs BMNH 1935 5 10 48
Z.abyssinicus socotranus BMNH 1899 8 11 23
Z.abyssinicus socotranus BW292
Z.abyssinicus socotranus BW293
Z.abyssinicus socotranus BMNH 1956 37 9
Z.abyssinicus socotranus BMNH 1982 3 44
S. lugubris LUG001
S. lugubris MM2
S. leucophoeus LEU002
S. leucophoeus LEU001
S.brunneus BRU001
S.brunneus BRU003
S.melanocepalus MEL002
S.melanocepalus MEL001
Z.ficedulinus feae FIS003
Z.ficedulinus ficedulinus FIP002
Z. grisevirescens GRI002
Z.poliogaster poliogaster BMNH 1954 26 20
Z.poliogaster poliogaster NRM 51733
Z.poliogaster poliogaster BMNH 1954 24 21
Z.poliogaster poliogaster BMNH 1946 5 2433
Z.poliogastrus eurycricotus BMNH 1935 10 11 94
Z.poliogastrus eurycricotus NRM 570798
Z.poliogastrus eurycricotus NRM 570799
Z.poliogaster kikuyuensis MK3
Z.poliogaster kikuyuensis AB2
Z.poliogaster kikuyuensis MK6
Z.poliogaster kikuyuensis AB4
Z.poliogaster kaffensis BMNH 1912 10 15 1932
Z.poliogaster kaffensis BMNH 1912 10 15 1262
Z.poliogaster kulalensis K30
Z.poliogaster kaffensis BMNH 1945 40 166 
Z.poliogaster silvanus TH12
Z.poliogaster winifredae O5899
Z.poliogaster winifredae BMNH 1935 12 23 13
Z.poliogaster winifredae BMNH 1935 12 23 10
Z.pallidus pallidus AP50340
Z.pallidus pallidus BMNH 1950 50 660
Z.pallidus pallidus BMNH 1950 50 666
Z.pallidus capensis BMNH 1905 12 29 1741
Z.pallidus capensis BMNH 1905 12 29 1737
Z.pallidus capensis BMNH 1952 60 24
Z.pallidus caniviridis BMNH 1957 36 207
Z.pallidus sundevalli BMNH 1904 11 19 56
Z.pallidus sundevalli BMNH 1923 8 7 2982
Z.pallidus sundevalli BMNH 1928 2 5 12
Z.pallidus virens BMNH 1905 12 29 1725
Z.pallidus virens AM36433
Z.pallidus virens AM36429
Z.pallidus atmorii BMNH 1905 12 29 1722
Z.pallidus atmorii BMNH 1969 48 279
Z.pallidus virens AM36426
Z.pallidus atmorii BMNH 1905 12 29 1732
Z.senegalensis senegalensis B39514
Z.senegalensis senegalensis BMNH 1938 8 3 10
Z.senegalensis senegalensis B39250
Z.senegalensis senegalensis BMNH 1977 20 2495
Z.senegalensis ZMUC 128632
Z.senegalensis demeryi BMNH 1911 12 23 2612
Z.senegalensis demeryi BMNH 1977 20 2492
Z.senegalensis heinrichi BMNH 1910 5 6 1051 
Z.senegalensis stenocricotus BMNH 1966 16 3408
Z.senegalensis stenocricotus BMNH 1966 16 3386
Z.senegalensis stenocricotus STC01
Z.senegalensis gerhardi BMNH 1939 10 13 123 
Z.senegalensis gerhardi BMNH 1947 100 308
Z.senegalensis gerhardi BMNH 1939 10 1 284
Z.senegalensis toroensis NRM 570803
Z.senegalensis reichenowi NRM 570802
Z.senegalensis reichenowi BMNH 1906 12 23 718
Z.senegalensis stuhlmanni NRM 552125
Z.senegalensis stuhlmanni BMNH 1913 7 16 140
Z.senegalensis stuhlmanni BMNH 1934 1 17 27
Z.senegalensis stierlingi ZMUC 129298
Z.senegalensis stierlingi ZMUC 142605
Z.senegalensis stierlingi ZMUC 140192
Z.senegalensis ZMUC 128658
Z.senegalensis heinrichi BMNH 1910 5 6 1047  
Z.senegalensis heinrichi BMNH 1910 5 6 1052 
Z.senegalensis heinrichi BMNH 1957 35 527
Z.senegalensis anderssoni BMNH 1945 18 60
Z.senegalensis anderssoni BMNH 1932 5 5 128
Z.senegalensis anderssoni BMNH 1937 12 19 141 
Z.senegalensis ZMUC 128660
Z.senegalensis tongensis BMNH 1905 12 29 1713
Z.senegalensis toroensis NRM 570804
Z.senegalensis toroensis BMNH 1936 2 21 237
Z.senegalensis stierlingi ZMUC 129289
Z.palpebrosus palpebrosus AMNH DOT5746 
Z.palpebrosus palpebrosus RF2 
Z.japonius AMNH DOT10981 
Z.palpebrosus egregius 19964 26 1 
Z.lateralis LSUMNS B45835 
Z.lateralis AMNH DOT6094 
Z.montanus AMNH DOT12552 
Z.erythropleurus LSUMNS B20626    
Z.atricapilla LSUMNS B36444  
Z.nigrorum FMNH 432997  
Zosterops abyssinicus
Zosterops pallidus
Zosterops senegalensis
Zosterops poliogaster
Zosterops spp.
Speirops spp.
Z.mouroniensis BW137 
Z.borbonicus borbonicus BWM54
Z.borbonicus mauritianus BWM24
Z.olivaceus olivaceus BWM49
Z.abyssinicus omoensis BMNH 1927 11 5 580
Z.abyssinicus omoensis BMNH 1912 10 15 1275
Z.abyssinicus omoensis BMNH 1912 10 15 1290
Z.poliogaster mbuluensis CH8
Z.poliogaster mbuluensis CH1
Z.poliogaster mbuluensis CH6
Z.poliogaster mbuluensis CH3
Z.poliogaster mbuluensis CH9
Z.poliogaster mbuluensis CH11
Z.poliogaster mbuluensis CH7
Z.poliogaster mbuluensis 2CH10
Z.poliogaster mbuluensis 2CH13
Z.poliogaster mbuluensis 2CH12
Z.abyssinicus jubaensis T84
Z.abyssinicus jubaensis T60
Z.abyssinicus jubaensis T61
Z.abyssinicus jubaensis T69
Z.abyssinicus jubaensis T73
Z.abyssinicus jubaensis T65
Z.abyssinicus jubaensis T70
Z.abyssinicus jubaensis T76
Z.abyssinicus jubaensis T85
Z.abyssinicus flavilateralis T14
Z.abyssinicus flavilateralis T15
Z.abyssinicus flavilateralis T4
Z.abyssinicus flavilateralis T11
Z.abyssinicus flavilateralis T17
Z.abyssinicus flavilateralis T20
Z.abyssinicus flavilateralis T5
Z.abyssinicus flavilateralis T23
Z.abyssinicus flavilateralis RB3
Z.abyssinicus flavilateralis T21
Z.abyssinicus flavilateralis T30
Z.maderaspatanus kirki BW146
Z.maderaspatanus comorensis BW121
Z.maderaspatanus aldabrensis BW301
Z.modestus BW344
Z.maderaspatanus anjuanensis BW252
Z.maderaspatanus maderaspatanus BW445
Z.maderaspatanus maderaspatanus BW429
Z.poliogaster silvanus TH312
Z.poliogaster silvanus TH121
Z.poliogaster silvanus O8580
Z.poliogaster silvanus TH321
Z.poliogaster silvanus TH110
Z.poliogaster silvanus TH13
Z.poliogaster silvanus TH311
Z.poliogaster silvanus TH320
Z.poliogaster silvanus TH215
Z.poliogaster silvanus TH212
Z.poliogaster silvanus TH23
Z.poliogaster silvanus TH210
Z.senegalensis quanzae BMNH 1957 35 531 
Z.pallidus capensis RB1
Z.pallidus capensis RB4
Z.senegalensis stierlingi ZMUC 142607
Z.senegalensis stierlingi ZMUC 145467
Z.poliogaster kikuyuensis MK2
Z.poliogaster kikuyuensis AB10
Z.poliogaster kikuyuensis MK7
Z.poliogaster kikuyuensis AB12
Z.poliogaster kikuyuensis RB2
Z.poliogaster kikuyuensis MK1
Z.poliogaster kikuyuensis AB11
Z.poliogaster kikuyuensis AB13
Z.poliogaster kikuyuensis AB20
Z.poliogaster kulalensis K35
Z.poliogaster kulalensis K41
Z.poliogaster kulalensis K34
Z.poliogaster kulalensis K31
Z.poliogaster kulalensis K38
Z.poliogaster kulalensis K39
Z.poliogaster kulalensis K42
Z.poliogaster kulalensis 2MK3
Z.poliogaster kulalensis K37
Z.poliogaster kulalensis 2MK8
Z.poliogaster kulalensis 2MK9
Z.poliogaster kulalensis 2MK10
Z.poliogaster kulalensis 2MK7
Z.poliogaster kulalensis K33
Z.poliogaster kulalensis 2MK11
Z.senegalensis demeryi BMNH 1966 16 3411
Z.senegalensis jacksoni T51
Z.senegalensis jacksoni T42
Z.senegalensis jacksoni T52
Z.senegalensis jacksoni T53
Z.senegalensis jacksoni ZMUC 146785
A
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D
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F
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A: Ancient Indian Ocean Zosterops Clade
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Figure 4.4. Bayesian inference (BI) tree of African Zosteropidae Branch lengths are 
proportional to the degree of sequence divergence. Bayesian posterior probabilities (BPP) are 
displayed below branches.  Indicates nodes with >95% BPP,  indicates nodes with >90% 
BPP,  indicates nodes with >80% BPP and  indicates nodes with > 50% BPP. Nodes with < 
50% BPP are not shown. Labelling of distribution maps corresponds to key clades, which are 
labelled A-F. Taxa are labelled using full trinomial nomenclature, following the taxonomy of 
Dickinson (2003).  
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The most northerly members of Z. senegalensis form the third 
assemblage within clade F. This group contains the nominate subspecies Z. s. 
senegalensis, that has a wide distribution across much of northern Sub-
Saharan Africa, Z. s. demeryi that is found in western Africa (Sierra Leone, 
Liberia, and Ivory Coast), Z. s. gerhardi from southern Sudan and northeast 
Uganda and Z. s. jacksoni from Kenya and northern Tanzania.  
Samples of Z. s. senegalensis and Z. s. demeryi form a strongly 
supported monophyletic group (BPP=1.00) that is recovered as sister to a clade 
containing Z. s. jacksoni and Z. s. gerhardi (BPP=1.00). There is good support 
for the monophyly of subspecies Z. s. demeryi (BPP=0.99), Z. s. gerhardi 
(BBP=1.00) and Z. s. jacksoni (BBP=0.84), however the nominate subspecies 
Z. s. senegalensis is recovered as paraphyletic. Considerable structure is noted 
within Z. s. senegalensis and Z. s. jacksoni, although analysis fails to provide 
resolution of relationships. 
For Z. poliogaster, results are largely concordant with the molecular 
phylogeny of Chapter 2, supporting the non-monophyly of Z. poliogaster. Clade 
E contains three endemic montane Z. poliogaster subspecies: Z. p. mbuluensis 
from the Chyulu Hills (southern Kenya); Z. p. silvanus from the Taita Hills 
(southern Kenya); and Z. p. winifredae from the South Pare Mountains 
(northern Tanzania). The independent monophyly of all three subspecies 
received maximum support (BPP=1.00), and their phylogenetic placement is 
congruent with the topology generated in Chapter 2. Samples of Z. p. 
mbuluensis are recovered as sister to a clade containing Z. a. jubaensis and Z. 
a. flavilateralis (BPP=1.00), while Z. p. silvanus nests between the Indian 
Ocean maderaspatanus white-eyes and a clade containing Z. p. pallidus and Z. 
p. sundevalli (BPP=0.99). Increased sampling has improved support for the 
placement of Z. p. winifredae, which is recovered at the base of a clade 
containing Z. pallidus and southern African Z. senegalensis samples 
(BPP=1.00).  
Extensive sampling for Z. poliogaster, including subspecies that were 
absent from previous molecular analysis (Z. p. poliogaster, Z. p. kaffensis, Z. p. 
eurycricotus) reveals that all other Z. poliogaster subspecies fall into three 
independent clades within the major clade F. Samples of Z. p. eurycricotus from 
Mount Meru in northern Tanzania received maximum support (BPP=1.00) and 
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are recovered as sister to S. melanocephalus from Mt Cameroon in West Africa 
(BPP=0.95).  
Samples of Z. p. kikuyuensis (BPP=1.00) from Mt Kenya and the 
Aberdare Range (central Kenya) form the second strongly supported 
monophyletic group and are recovered as sister to a large clade containing Z. 
poliogaster from the most northerly part of the range (Z. p. poliogaster, Z. p. 
kaffensis and Z. p. kulalensis) and northern Sub-Saharan members of Z. 
senegalensis (Z. s. senegalensis, Z. s. demeryi, Z. s. gerhardi, Z. s. jacksoni). 
The placement of Z. p. kikuyuensis in relation to Z. p. kulalensis conflicts with 
the in molecular phylogeny generated in Chapter 2, which alternatively places 
Z. p. kulalensis as basal to Z. p. kikuyuensis.  
The three most northerly members of Z. poliogaster species complex (Z. 
p. poliogaster, Z. p. kaffensis and Z. p. kulalensis) form a well-supported clade 
with a single sample of Z. s. gerhardi that was collected from Lomoling in the 
Imatong Mountains in southern Sudan (BBP=0.98). This clade contains the 
nominate subspecies Z. p. poliogaster, that occurs throughout Eritrea, the 
Ethiopian highlands and in isolated mountains within Southeast Sudan, Z. p. 
kaffensis found in Southwest Ethiopia and Z. p. kulalensis that is endemic to Mt 
Kulal in northern Kenya. In contrast to other Z. poliogaster subspecies there is 
no support for the independent monophyly of Z. p. kaffensis or Z. p. kulalensis 
and only weak support for the monophyly of Z. p. poliogaster (BPP=0.55).  
In agreement with Indian Ocean-centred phylogeny of Warren et al. 
(2006), all Indian Ocean Zosterops are recovered into two independent 
assemblages commonly referred to as the Ancient Indian Ocean (AIO) white-
eyes and the Indian Ocean Maderaspatanus (IOM) clade. Results provide 
strong support from the monophyly of both clades (AIO, BPP=0.96; IOM, 
BPP=1.00) and the placement of taxa within these clades is largely congruent 
with previous the molecular studies (Warren et al. 2006; Melo et al. 2011). In 
agreement with the topology produced in the phylogenetic analyses of Chapter 
2, the IOM white-eyes that are distributed throughout Madagascar, the Comoros 
and the Seychelles nests within the major clade E (BPP=1.00). Analysis also 
provides improved support for the placement of the AIO white-eyes (Grand 
Comoro and the Mascarenes) that are recovered at the base of all other African 
Zosteropidae (BPP=0.97)  
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Within the Gulf of Guinea Zosteropidae system, results provide additional 
support for the non-monophyly of Speirops (Melo et al. 2011), with members of 
this genus occurring in two of the six major clades (C and F). However, in 
contrast to the molecular phylogeny of Melo et al. (2011) that places all Gulf of 
Guinea Zosteropidae in two independent assemblages (GGM, Gulf of Guinea 
mainland; GGO, Gulf of Guinea Oceanic), results spilt Gulf of Guinea white-
eyes into three independent clades. In contrast to previous topologies (Melo et 
al. 2011; Chapter two) which recovered S. melanocephalus, S. brunneus and Z. 
s. stenocricotus as a monophyletic group (GGM), results split S. 
melanocephalus from S. brunneus and Z. s. stenocricotus and place it as sister 
to Z. p. eurycritus from East Africa (BPP=0.93). The two newly formed clades 
(S. brunneus and Z. s. stenocricotus; S. melanocephalus and Z. p. eurycritus) 
are both recovered in the major clade F, however lack of resolution at the base 
of this clade means that it is not possible infer relationships between these two 
groups. 
Relationships within the GGO clade are in agreement with the topology 
produced by Melo et al. (2011); Z. f. ficedulinus is recovered at the base of the 
GGO clade (BBP=1.00) and is clearly divergent from Z. f. feae rendering Z. 
ficedulinus non-monophyletic. The relationship between Z. f. feae and Z. 
griseovirescens is unclear although both are placed between Z. f. ficedulinus 
and a clade containing S. lugubris and S. leucophaeus. The sister relationship 
between the two Speirops species is only weakly supported (BPP=0.54), 
although there is strong support for the monophyly of both species (BPP= 0.95 
and BBP=1.00, respectively). 
 
4.5.3. GMYC analyses 
Support for genetic clusters predicted by this method varied across the 
tree. While genetic cluster probabilities (neutral coalescence and Yule 
diversification) were strongly supported at the base of the tree and within some 
of the terminal taxa (P>0.80 tips and P<0.15 base), branching relationships in 
much of the tree yielded intermediate probabilities between 0.5 and 0.3. Where 
there is no support for neutral coalescence of samples within lineages (P<0.85), 
GMYC coalescence estimates are interpreted as evidence of variation (or 
genetic variability) that makes daughter lineages distinct from one another. 
However, in the absence of strong support for Yule diversification (P>0.15) this 
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study considers daughter lineage to not contain sufficient genetic variation to 
warrant them ‘distinct evolutionary units’. Within the African Zosteropidae 
system GMYC analysis provided strong support (<0.15) for Yule diversification 
of daughter lineages at 10 nodes (Fig. 4.5; Node 1-10), leading to the resolution 
of 14 distinct evolutionary lineages (Fig. 4.5; L1-L14). Although several 
coalescence clusters were detected within these lineages, the majority of 
samples were recovered as poorly supported singletons (<0.80 P >0.15) 
suggesting a certain degree of genetic variation within these 13 distinct 
assemblages.  
The AIO white-eyes (Clade A) are recovered into two distinct lineages 
(L1-L2). The node connecting Z. mouroniensis from (Grande Comore) to a 
clade containing Z. borbonicus and Z. olivaceus (Mascarenes), provides 
support for Yule divergence of daughter lineages (node 1, P= 0.145), indicating 
that Z. mouroniensis is a distinct evolutionary unit relative to other members the 
AIO white-eyes clade. Mainland Z. a. socotranus (Clade B) is also recovered as 
an independent lineage (L3), with strong support for Yule diversification of 
daughter lineages at node 2 (P= 0.011). GMYC estimates place all GGO white-
eyes (Clade C) in lineage L4. All GGO Zosterops sampled are recovered as 
poorly supported singleton, with nodes corresponding to intermediate 
coalescence estimates (0.301≥ P ≤0.334). In contrast, the two GGO Speirops 
species sampled (S. leucophaeus and S. lugubris) are recovered into two 
independent coalescent clusters (P=0.992, respectively).  
Northeast African and Arabian Z. abyssinicus forms that make up clade 
D (Z. a. abyssinicus, insular Z. a. socotranus, Z. a. omoensis and Z. a. arabs) 
are recovered as distinct from all other African Zosteropidae in lineage L5. 
Within this group GMYC analysis recovers two coalescence clusters and five 
singletons. While samples of Z. a. omoensis and insular Z. a. socotranus are 
supported as neutral coalescent clusters (P=0.99 and P=0.80, respectively) 
samples of the monophyletic subspecies Z. a. arabs and the paraphyletic 
subspecies Z. a. abyssinicus are recovered as independent singletons with 
intermediate coalescence estimates. 
GMYC analysis recovers clade E (containing southern and East African 
Zosterops in addition to members of the IOM clade) into five distinct 
evolutionary lineages (L6-L10). The endemic montane Z. p. mbuluensis (Chyulu 
Hills, Kenya) and lowland Z. a. flavilateralis and Z. a. jubaensis (East Africa) 
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form the strongly supported lineage L6 (node 4; P=0.07). Within this group 
distinct neutral coalescence thresholds are clearly apparent. Samples of Z. p. 
mbuluensis are strongly supported as a single coalescence cluster (P=0.92), 
while Z. a. flavilateralis and Z. a. jubaensis form a further three clusters 
(P=0.92). Clustering within this yellow-bellied Z. abyssinicus clade (Z. a. 
flavilateralis and Z. a. jubaensis) is not concordant with sub-specific divisions, 
providing no evidence for the two sub-species acting as separately evolving 
meta-populations. The IOM white-eyes form the second lineage (L7) within 
clade E, with good support for Yule diversification of daughter lineages at node 
5 (P=0.071). Although the GMYC analysis provides strongly support for the 
grouping of two Z. m. maderaspatanus samples as a single cluster, 
coalescence probability estimates for other members of this lineage are not 
supportive of either neutral coalescence or Yule diversification processes.  
Lineage L8 is exclusive to samples of the Z. p. silvanus (node 6 
P=0.126), rendering this montane endemic distinct from all other African forms. 
The analysis groups members of Z. p. silvanus into two coalescence clusters 
(P=0.822 and P=0.821), although there is no support for these clusters as 
independent evolutionary units (P=0.272).  
The remaining taxa within clade E are recovered in lineages L9 and L10. 
The two Z. pallidus subspecies Z. p. pallidus and Z. p. sundevalli form lineage 
L9 (node 7= 0.150), while all other Z. pallidus subspecies (Z. p. capensis, Z. p. 
virens Z. p. atmorii and Z. p. caniviridis) are placed in a lineage L10 with Z. p. 
winifredae and all southern African Z. senegalensis subspecies (Z. s. heinrichi, 
Z. s. anderssoni, Z. s. kasaicus, Z. s. stierlingi, Z. s. quanzae and Z. s. 
tongensis). Lineage L10 contains a significant degree of structure with GMYC 
analysis recovering eight coalescence clusters and ten singletons  
Within clade F, GMYC estimates provide strong support for four 
independent lineages (L11-L14). A geographically disparate clade containing S. 
melanocephalus and Z. p. eurycricotus form the first lineage with strong support 
for Yule diversification at node 8 (P=0.07). Within this lineage S. 
melanocephalus is recovered as a single coalescence clusters while samples of 
Z. p. eurycricotus are recovered as a cluster of two samples and a singleton. 
The second strongly supported (node 9 P=0.08) lineage within clade F (L12) 
contains central African Z. senegalensis samples (node 9 P=0.08). Although the 
GMYC analysis recovers the three Z. s. toroensis samples and two DRC 
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samples into two independent coalescence clusters, probability estimates for 
other members of this lineage are not supportive of either neutral coalescence 
or Yule diversification processes. The remaining taxa within clade F are 
recovered in lineages L13 and L14 (node 10 P=0.09). Lineage L13 contains S. 
brunneus and Z. s. stenocricotus from West Africa, while L14 contains northerly 
members of Z. poliogaster and Z. senegalensis. Analysis recovers a significant 
degree of genetic structure within L14 and recovers 14 coalescent clusters and 
20 singletons.  
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Figure 4.5 Coalescent probability estimates for African Zosteropidae. Generated using the 
GMYC multi-model inference and model averaging approach of Powell et al. (2012). Transition 
in branch colour from purple to brown across the tree indicates the transition from Yule 
diversification (purple) to neutral coalescent (brown) processes. Purple nodes indicates genetic 
cluster probabilities P≤0.15, black nodes indicates 0.15<P>0.80 and brown indicates P≥0.80. 
Key nodes are labelled 1-10. Key lineages are labelled L1-14 and corresponding nodes 1-10. 
Taxa are labelled with full trinomial nomenclature, following the taxonomy of Dickinson (2003), 
followed by either the museum specimen catalogue number, or collection code. 
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4.6.Discussion  
4.6.1 Molecular phylogeny  
Generating broad species-level phylogenies in highly speciose groups 
such as Zosteropidae can be particularly difficult, as broad geographic 
distributions makes extensive sampling for fresh material practically impossible. 
Unprecedented sampling of African Zosteropidae using both archive and fresh 
material has enabled the largest genetic assessment of mainland African 
Zosteropidae to date. The use of museum collections for DNA extraction has 
allowed for dense sampling of all four mainland African Zosterops species, 
including all 34 currently recognised subspecies. Although DNA obtained from 
fresh specimens is always preferred to DNA from museum specimens, this 
study demonstrate the advantages of using such material in the absence of 
recent DNA collections.  
Phylogenetic results confirm the non-monophyly of all mainland African 
Zosterops species, rendering the current taxonomic framework invalid. Broad-
scale relationships are largely congruent with the previous findings of Chapter 
2, yet additional sampling for members of Z. abyssinicus from northeast African 
and the African Peninsula have allowed for the identification of a further two 
assemblages (Clades B and D). In total the results provide strong support for 
six key clades (Fig. 4.4; Clade A-F) within the African Zosteropidae system 
(Continental Africa, Gulf of Guinea, Indian Ocean, Gulf of Aden and the Arabian 
Peninsula), although relationships between these clades are less well resolved. 
Nevertheless, despite poor resolution of branching patterns between these 
larger clades, genetic results provide strong support for relationships within 
these six assemblages. These results provide the first comprehensive 
framework of genetic relationships, which can used to generate predictions 
regarding the probable placement of species boundaries.  
 
4.6.2. Interpretation of GMYC clusters 
While previous GMYC estimates have been observed to correspond with 
existing species limits in some higher taxa (Monaghan et al. 2009), questions 
remain regarding whether these clusters represent species or taxa at a different 
hierarchical level (Powell 2012). This study follows Barraclough et al. (2009) in 
defining these clusters as ‘evolutionary significant units’ owing to the fact that 
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they represent independently evolving lineages (at least at the level of the gene 
loci). As previously pointed out by Powell (2012), the fact that these clusters 
exist and that they often correspond with biological or ecological characteristics 
(Jouselin et al. 2009; Powell 2009) of the taxa in which they are found, suggests 
that they are representative of some fundamental evolutionary process. 
Nevertheless, divergence of taxa is a continuous process and consequently 
intermediate coalescence estimates are open to interpretation.  
In this study it is the relative degree of divergence from a neutral 
coalescence model that has been considered as important to the interpretation 
of diversity and structure within clades. Divergence from a neutral coalescence 
model is interpreted as evidence of variation (or genetic variability) that makes 
daughter lineages distinct from one another, representing a biological 
phenomenon that needs to be explained even if they are not representative of 
species per se. However, in the absence of strong support for Yule 
diversification (>0.15) this study considers daughter lineage to not contain 
sufficient genetic variation to warrant them ‘distinct evolutionary units’ 
(Barraclough et al. 2009) and therefore looks to morphological and ecological 
characters to determine the nature of relationships.  
 
4.6.3. Lowland northeast African and Arabian forms 
Molecular investigation into the relationships and taxonomic validity of 
lowland northeast African and Arabian forms revealed Z. abyssinicus to be a 
polyphyletic species. In contrast to Moreau (1957), who grouped all lowland 
northeast African and Arabian forms based on a shared ‘dingy’ or ‘dusty’ 
plumage colouration, this molecular work provides no support for the monophyly 
of Z. abyssinicus, with members recovered into three independently well-
supported clades that are polyphyletic with respect to each other (Fig 4.4). 
These results suggest that the ‘dusty’ or ‘dingy’ plumage colouration that has 
previous been use to group lowlands forms (Moreau 1957) more than likely 
represents shared ecological conditions of taxa, rather than close genetic 
affinities (a least at the level of sampled loci).  
The phylogenetic division of yellow-bellied forms (Clade E: jubaensis and 
flavilateralis) from grey-bellied forms (Clade D: abyssinicus, omoensis, arabs, 
and insular socotranus) may seem to provide support for a previous taxonomic 
arrangement that separated lowland East African and Arabian forms into two 
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separate species based on belly colour (Sclater 1930). However, the non-
monophyletic placement of a grey-bellied Somali form (Clade B: mainland 
socotranus) relative to all other lowland grey-bellied taxa (Clade D) suggests 
that belly colouration is an unstable character within this lowland group. 
Furthermore, the non-monophyly of Z. a. socotranus is interpreted as evidence 
that the black beak shared by members of Z. a. socotranus is not a sound 
taxonomic character for grouping populations. Instead, results place black-
beaked forms from the island of Socotra within a clade containing birds with 
brown beaks (Clade D), while mainland black-beaked forms from northern 
Somalia are recovered at the base of all other mainland taxa. This is not to say 
that plumage or beak colouration is not useful for distinguishing between 
neighbouring species or subspecies, only that grouping geographically distinct 
lowland populations based solely on these morphological characters is not 
supported by these molecular results.  
Yule diversification estimations provide strong support for clade B 
(mainland socotranus) and clade D (abyssinicus, omoensis, arabs, and insular 
socotranus) as ‘evolutionary significant units’, highlighting them as 
independently evolving lineages (Fig 4.5). For yellow-bellied forms jubaensis 
and flavilateralis that are recovered as sister to the endemic montane Z. p. 
mbuluensis in clade E, GMYC estimates are less clear-cut. Although 
phylogenetically distinct, support for these lowland forms as an evolution distinct 
lineage relatively to Z. p. mbuluensis is lacking. Nevertheless, results do not 
place them in a coalescence cluster with Z. p. mbuluensis, which suggests that 
these lineages are distinct from one another, but not to the extent of clades B 
and D. Coalescence estimates provide no support for the division of subspecies 
Z. a. jubaensis and Z. a. flavilateralis, which may be unsurprising given that 
plumage variation across the range of jubaensis and flavilateralis has previously 
been shown to vary in accordance with altitude and rainfall (Moreau 1957).  
Within clade D, the monophyly of insular socotranus and omoensis is 
well supported (Fig 4.4) and GMYC analyses recover both forms as 
independent coalescence clusters (Fig 4.5). In contrast, samples of the 
monophyletic subspecies arabs and the paraphyletic subspecies abyssinicus 
are recovered as independent singletons, which is interpreted as evidence that 
members of arabs and abyssinicus demonstrate a higher degrees of genetic 
structure than members of omoensis and insular socotranus. However, further 
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sampling within the sub-specific ranges of abyssinicus and arabs is necessary 
in order to obtain a more complete assessment of subspecies validity.  
 
4.6.4. Highland northeast African forms 
While the relatively larger size and rich plumage colouration of montane 
endemics in northeast Africa has led to the various highland forms to be treated 
as subspecies of a wider species complex (Dickinson 2003), molecular results 
consistently recover this species as polyphyletic (Warren et al.2006; Melo et al. 
2011; Chapter 2). Supportive of Moreau (1957) previous morphological 
conclusions, results are interpreted to suggest that the large size and rich 
plumage colouration exhibited in these highland forms is likely to be a product 
of the high elevation and moist forest habitat they occupy rather than shared 
genetic affinities. 
The placement of Z. poliogaster samples is largely concordant with the 
topology generated in Chapter 2. However, extensive sampling including Z. 
poliogaster subspecies previously absence, recovers Z. p. kulalensis samples 
endemic to Mt Kulal in northern Kenya as conspecific with more northerly forms 
(Z. p. poliogaster, Z. p. kaffensis, Z. p. omoensis) that are distributed throughout 
highland areas of Eritrea, Ethiopia and South Sudan. This is in contrast to more 
southerly member of Z. poliogaster (Z. p. mbuluensis, Z. p. silvanus, Z. p. 
winifredae, Z. p. eurycricotus and Z. p. kikuyuensis) that continue to be 
supported as independent non-sister clades.  
Variation in belly colouration within this northerly Z. poliogaster clade is 
clearly evident, matched only by the variation demonstrated between southern 
African forms. Nevertheless, in the absence of support for subspecies 
monophyly the use of belly colour as a taxonomic character within this clade is 
not supported. This result demonstrates the pace at which phenotypic 
divergence can be observed within Zosteropidae, giving rise to divergent 
phenotypes with minimal sequence divergence. 
While the majority of endemic montane forms occurring south of Nairobi 
(Kenya) are recovered in clade E, samples of Z. p. eurycricotus from Mt Meru in 
northern Tanzania nests within a clade containing northern Sub-Saharan 
African samples (clade F), and are recovered as sister to S. melanocephalus 
from Mt Cameroon in West Africa. Members of Speirops have never been 
thought to be conspecific with Z. poliogaster, being both geographically 
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segregated and phenotypically distinct. Despite this, support for the two forms 
as independent evolutionary units is lacking with the node connecting Z. p. 
eurycricotus and S. melanocephalus yielding intermediate coalescent 
estimates.  
Within clade E, GMYC estimates provide strong support for silvanus 
(Taita Hills, Kenya) as an independent evolutionary unit (Fig 4.5). In contrast 
intermediate GYMC estimates (0.33) on the nodes separating highland 
mbuluensis and winifredae from their respective lowland sister clades are not 
supportive of either neutral coalescence or Yule diversification processes and 
consequently are open to interpretation. In both instances weaker Yule 
diversification support may simply reflect the fact that mbuluensis and 
winifredae have diverged more recently relative to silvanus. However, in the 
absent of hybrids (Moreau 1957) and with ecological and phenotypic 
differentiation between highland and lowland forms clearly apparent, this study 
is more inclined to support these montane forms as distinct taxa.  
A high degree of structure is noted within the Z. p. mbuluensis clade, 
which is unexpected given that all samples were taken from the same forest 
fragment. This structure may reflect high levels of diversity within the montane 
populations of South Pare (Tanzania), or more likely could be the result of 
missing data. Further sampling of montane forms within this region would allow 
for a more detailed assessment of genetic diversity within this clade.  
 
4.6.5. Southern African forms 
The taxonomic affinities of southern African Zosterops have long been a 
source of disagreement (Gill 1936; Moreau 1957; Clancey 1967; Hockey et al. 
2005; van Balen 2008; Oatley 2011; 2012) and have led to numerous 
taxonomic revisions (Gill 1936; Moreau 1957; Clancey 1967). The phylogenetic 
placement of southern African forms is largely congruent with the recent 
southern African-centred phylogeny of Oatley et al. (2012) that placed Z. 
pallidus as sister to the other southern African taxa, with samples of Z. 
senegalensis recovered as sister to a clade comprising Z. capensis and Z. 
virens. 
Additional sampling of the subspecies Z. p. sundevalli, places it as 
conspecific with Z. p. pallidus with no division of the two subspecies. This 
placement is concordant with the previous taxonomic arrangement of Moreau 
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(1957) who split the two ‘cinnamon’ flanked forms from all other southern 
African taxa based on vocalisation differences and plumage variation. GMYC 
analysis recovers this clade as independent from all other southern taxa (L9) 
providing strong support for this group as an independent taxonomic unit. In 
contrast despite falling into three well-marked phenotypic groupings (Oatley et 
al. 2011) relationships between all other southern Africa taxa are poorly 
resolved.  
 
4.6.6. Northern and central Sub-Saharan forms 
Molecular investigation into the relationships and taxonomic validity of 
broadly distributed yellow-bellied forms, revealed Z. senegalensis to be a cryptic 
species complex (Funk and Omland 2003). Despite being remarkably 
homogenous in appearance, members of Z. senegalensis are recovered in 
multiple independent lineages rendering Z. senegalensis polyphyletic. Northern 
and central members of Z. senegalensis are recovered into three distinct clades 
within the major clade E. The division of these clades is largely concordant with 
geography corresponding to central African forms, northern Sub-Saharan forms, 
and an isolate montane form from Mount Cameroon in West Africa.  
Central African members of Z. senegalensis (Z. s. stuhlmanni, Z. s. 
reichenowi and Z. s. toroensis) are recovered as a distinct evolutionary lineage 
(L12) that contains a high degree of genetic structuring. While Z. s. toroensis 
and reichenowi are recovered as independent coalescent clusters, samples of 
Z. s. stuhlmanni are recovered as independent singletons that are non-
monophyletic in their placement. Results are interpreted to suggest that Z. s. 
stuhlmanni may require further division, although further sampling throughout 
this central African region is required in order to obtain a better understanding of 
the geographic division of forms. 
The placement of highland Z. s. stenocricotus (Mount Cameroon in West 
Africa) as sister to S. brunneus (Bioko, Gulf of Guinea) is concordant with the 
previous Gulf of Guinea-centred phylogeny of Melo et al. (2011). GMYC 
estimates provide strong support for these sister taxa as an independent 
taxonomic unit relative to all other African forms (L13). However, while 
phylogenetically distinct, support for Z. s. stenocricotus as an independent 
lineage relatively to S. brunneus is lacking. Nevertheless, results do not place 
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them in the same coalescent cluster suggesting that these lineages are 
representative of some genetic variability.  
With the exception of a single sample of Z. s. gerhardi (BMNH 1939 10 
13 123), all northern Sub-Saharan members of Z. senegalensis (Z. s. 
senegalensis, Z. s. demeryi, Z. s. gerhardi, Z. s. jacksoni) are recovered in a 
single clade. In contrast to the other Z. s. gerhardi samples that are recovered 
in a northern Sub-Saharan Z. senegalensis clade, sample BMNH 1939 10 13 
123 is recovered within a clade of Z. poliogaster. Locality data associated with 
this specimen place it within the Imatong Mountains of South Sudan. At present 
the distribution of Zosterops forms within this region is limited to Z. s. gerhardi. 
However, given the topographical complexity of this region, the placement of 
sample BMNH 1939 10 13 123 within a clade containing northerly members of 
Z. poliogaster may indicate the presence of Z. poliogaster within this region. 
Other Z. s. gerhardi samples are recovered as sister to Z. s. jacksoni samples 
from northern Kenya. Lowland Z. s. senegalensis and Z. s. demeryi are 
recovered as a single clade. While samples of Z. s. senegalensis are recovered 
as independent singletons, there is strong support for Z. p. demeryi as a single 
coalescent cluster. This result might not be surprising given that Z. 
senegalensis (Senegal to northwest Ethiopia) occupies a much larger area 
relative to demeryi (Sierra Leone, Liberia, Ivory Coast). 
According to the dated molecular phylogeny of Warren et al. (2006) 
colonisation of Africa occurred after an early wave expansion from Asia to the 
Indian Ocean. While the Ancient Indian Ocean white-eyes are consistently 
recovered at the base of the mainland African clade (Warren et.al. 2006; Melo 
et.al. 2011), poor support for relationships within the Ancient Indian Ocean 
clade has made resolving the exact origin of African white-eyes difficult (Warren 
et.al. 2006). The biogeographic disjunct between members of the Ancient Indian 
Ocean clade, coupled with the lack of branch support for relationships and high 
mtDNA divergences, suggest that related forms (which have now become 
extinct) may have once existed (Warren et.al. 2006). However, in the absence 
of molecular and geographic data for these putative extinct forms, very little is 
known regarding the spatial scales of this early expansion into the Indian Ocean 
region.  
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Extended sampling of lowland forms in northeast Africa has recovered two 
samples of mainland Z. a. socotranus as distinct from all other African taxa (Fig 
4.4; Clade B). Results identify this group as an independently evolving 
evolutionary lineage and place samples outside the major African radiation 
between the Ancient Indian Ocean White-eyes and all other African 
Zosteropidae. These samples may represent a relic population of an early wave 
expansion into mainland Africa. However very little is known about the diversity 
and distribution of this mainland form and consequently examining the origin 
and evolutionary history of this group is not possible at present. These results 
highlight this region as focus for future sampling efforts, which may lead to a 
better understanding of the origin of African Zosteropidae.  
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4.7.Conclusion 
The use of museum collections has enabled the dense sampling of all 
four mainland African Zosterops species, including all 34 currently recognised 
subspecies. This increased sampling has allowed for the resolution of 
relationships and patterns of diversity across mainland Africa. This work 
provides the first comprehensive framework of genetic relationships, which has 
been used to generate a series of predictions regarding the probable placement 
of species boundaries. Overall results provide strong support for six major 
clades within the African Zosteropidae system (Continental Africa, Gulf of 
Guinea, Indian Ocean, Gulf of Aden and the Arabian Peninsula). Despite poor 
resolution of branching patterns between these assemblages, genetic results 
provide strong support for relationships within these clades. GYMC results 
subdivide African Zosteropidae into 14 distinct evolutionary lineages, although 
whether these lineages represent species or taxa at different hierarchical levels 
still remains to be examined. The non-monophyly of mainland African taxa 
demonstrates that traditional morphological characters used to delineate 
species within Zosteropidae are not informative in an evolutionary context, with 
results indicating that the current taxonomic framework greatly underestimates 
Zosterops diversity within mainland Africa. While unparalleled sampling of 
African Zosteropidae using DNA extracted from archive and fresh material has 
allowed for the largest genetic assessment of mainland African Zosteropidae to 
date, extensive work is still required to resolve the systematics of this group.  
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5.1. Conclusions  
Examining the diversity and systematics of highly speciose groups such as 
Zosteropidae can be particularly problematic. Broad geographic ranges can often limit 
sampling, which is required for phylogenetic resolution of taxa across broad spatial 
scales. While the last decade has seen an abundance of research focusing on 
colonisation abilities and speciation patterns of Zosteropidae with the insular systems 
surrounding Africa (Warren et al. 2006; Melo et al. 2011; Milá et al. 2012), a lack of 
sampling for continental forms has hindered assessments of relationships and patterns 
of divergence between mainland forms. The aim of this thesis was to produce the first 
comprehensive molecular phylogeny for western Zosteropidae, and use it to address a 
number of questions regarding the relationships and patterns of diversification of 
mainland African forms.  
Extensive sampling of East African Zosterops made it possible to explore one of 
the most geographically complex areas within the African system to examine how past 
climate has shaped the fragmented distribution of montane endemics in northeast 
Africa. The phylogeny generated revealed several poor taxonomic groupings, indicated 
by non-monophyly of species. Results revealed that in many cases endemic montane 
populations are more closely related to taxa with divergent habitat types, elevation 
distributions and dispersal abilities than they are to populations of restricted endemics 
that occur in neighbouring montane forest fragments.  
Addressing the validity of current taxonomic groupings was made possible by 
comprehensive sampling across Africa and the Arabian Peninsula using DNA extracted 
from museum collections. This extended phylogeny allowed for the resolution of 
relationships across the African Zosteropidae complex, which includes the Arabian 
Peninsula, the Gulf of Guinea, the Gulf of Aden and Indian Ocean island systems, and 
resulted in the first comprehensive molecular assessment of patterns of systematic 
relationships across the range of western Zosteropidae. 
 
5.1.1 Museum collections and the use of ‘archive’ DNA  
Although DNA obtained from fresh specimens is always preferred to DNA from 
museum specimens, in the absence of fresh collections, sampling across broad 
geographic ranges is often unfeasible. The use of museum collections for DNA 
extraction has allowed for dense genetic sampling across mainland Africa, which has 
enabled the first robust molecular assessment of genetic relationships. This study 
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demonstrates the utility of ‘archive DNA’ in the absence of fresh material and highlights 
museum collections as an important, yet often unvalued, genetic resource. 
Nevertheless, it is important to recognise the destructive nature of sampling (Mundy et 
al. 1997; Payne and Sorenson 2002; Mann 2007), which conflicts with the need to 
maintain collections for future research. Museum collections, while vast, are not 
replaceable and consequently damage to samples needs to be justifiable (Payne and 
Sorenson 2002).  
 
5.1.2. Molecular phylogeny and taxonomic implications 
In his review of African Zosteropidae, Moreau (1967) identified that the features 
used to determine relationships among African taxa may be problematic and advised 
others to ‘deal with current taxonomy with great caution’. Molecular investigation with 
comprehensive sampling throughout the western Zosteropidae system confirms that 
Moreau’s (1957) caution was not unjustified. The non-monophyly of mainland African 
taxa demonstrates that traditional morphological characters used to delineate species 
within Zosteropidae are not informative in an evolutionary context, with results 
indicating that the current taxonomic framework greatly underestimates Zosterops 
diversity within mainland Africa. Results obtained using a combination of fresh and 
archive samples (Chapter 4), that give an exceptional coverage of Zosteropidae 
diversity across mainland Africa (including Arabian Peninsula) and its associated island 
systems (Gulf of Guinea, Gulf of Aden and Indian Ocean), provide the first 
comprehensive molecular framework for this group, that will undoubtedly form the 
foundation for a complete systematic review.  
 
5.1.3 Niche divergence as a driver of speciation 
Phylogenetic analysis indicates that divergence leading to the current 
distribution of East African Zosterops is more complex than previously anticipated. The 
non-monophyly of Z. poliogaster indicates that the endemic montane populations of 
East Africa are not relics of a previously widespread population, as shown in African 
Bulbuls (Roy 1997), Akalats (Roy et al 2001) and Forest Robins (Voelker et al. 2010). 
Consequently, the postulated montane speciation model was rejected in favour of the 
vanishing refuge model to explain lineage diversification of montane endemic in East 
Africa. In testing alternative models of speciation, results identified that niche 
divergence rather than niche conservatism has played a key role in the diversification 
of mainland African forms. The East African-centred phylogeny of Chapter 2 identifies 
three key biotic diversification events within the African Zosteropidae system, where 
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niche divergence has led to aggregates of taxa with divergent habitat types, elevational 
distributions and dispersal abilities. 
 
5.1.4. Role of Plio-Pleistocene climatic fluctuations as a driver of speciation  
Divergence estimates recover African Zosteropidae as a very recently diverged 
group (<5Ma). Results indicate that diversification of African Zosterops occurred during 
a period of climatic instability associated with the Plio-Pleistocene. It has been widely 
postulated that the climatic fluctuations associated with this period of climatic variability 
would have had a profound effect on the vegetation of Africa (deMenocal 1995; Plana 
2004; Trauth et al. 2007), causing widespread shifts in Afro-tropical forests and leading 
to the intermittent fragmentation on forest areas. Results are interpreted to suggest that 
the effect of climatic history on ancestral divergence within African Zosterops is not 
limited to divergence between montane endemics. Instead the unstable Plio-
Pleistocene African climate may have provided the primary driver for lineage 
diversification in all mainland African Zosterops lineages.  
The work conducted in this thesis has dramatically changed our 
understanding of the relationships between African Zosteropidae. In assessing 
the phylogenetic placement of all 34 currently recognised mainland African 
subspecies; this work provided the first extensive molecular assessment for the 
African Zosteropidae that will undoubtedly be used as a molecular framework 
for a taxonomic review of this group. This work nullifies the current taxonomic 
framework rendering all four mainland African Zosterops species invalid.  The 
widespread non-monophyly of all mainland Africa taxa demonstrates that the 
tradition morphological characters used to delineate species within 
Zosteropidae are not informative in an evolutionary context.  
This work also provides an important stepping stone in our 
understanding of the process of diversification in mainland African 
Zosteropidae. Divergence estimates demonstrate that divergence within African 
Zosteropidae is very recent (<5Ma) coinciding with periods of climatic instability 
during the Plio-Pleistocene.  In contrast to other avian groups studied (African 
Bulbul: Roy 1997; Akalats: Roy et al. 2001; Forest Robins: Voelker et al. 2010) 
the non-monophyly of Z. poliogaster indicates that the endemic montane 
populations of East Africa are not relics of a previously widespread population. 
In contrast to the widely postulated Montane speciation model, these results 
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provide support for ancestral populations being adaptive rather than non-
adaptive with divergence events leading to aggregates of taxa with divergent 
habitat types, elevational distributions and dispersal abilities.  
Furthermore, in generating a more broad-scale assessment of 
relationships within African Zosteropidae this work has identified areas of 
taxonomic instability within the group and indicates areas for future research. 
The molecular framework generated will enable future researchers to take a 
more informed and systematic approach to future research and sampling 
efforts, which will allow for more detailed and fine grain assessment of 
relationships within mainland Africa.    
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5.2. Future direction 
5.2.1. Origin and evolutionary history of mainland African Zosteropidae  
 According to the dated molecular phylogeny of Warren et al. (2006), colonisation 
of Africa occurred after an early wave of expansion from Asia to the Indian Ocean. 
While the Ancient Indian Ocean white-eyes are consistently recovered at the base of a 
mainland African clade (Warren et al. 2006; Melo et al. 2011; Chapter 2-4), poor 
support for relationships within the Ancient Indian Ocean clade has made resolving the 
exact origin of African white-eyes difficult (Warren et al 2006). The biogeographic 
disjunction between members of the Ancient Indian Ocean clade, coupled with the lack 
of branch support for relationships and high mtDNA divergences, suggest that related 
forms (which have now become extinct) may have once existed (Warren et al. 2006). 
However, in the absence of molecular and geographic data for these putative extinct 
forms, very little is known regarding the spatial scale of this early expansion into the 
Indian Ocean region.  
 Extended sampling of lowland forms in northeast Africa has recovered two 
samples of mainland Z. a. socotranus as distinct from all other African taxa. Results 
identify this group as an independently evolving evolutionary lineage and places 
samples outside the major African radiation between the Ancient Indian Ocean white-
eyes and all other African Zosteropidae. These samples may represent a relic 
population of an early expansion into mainland Africa. However, with very little known 
about the diversity and distribution of this form in mainland Africa. Consequently, 
examining the origin and evolutionary history of this group is not possible at present. 
These results highlight this region as focus for future sampling efforts, which may lead 
to a better understanding of origin of African Zosteropidae.  
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